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sandwiched  the  specimen.  Lubrication  was  applied  to  the  bearing  support  surfaces.  Fatigue 
crack  initiation  was  detected  and  controlled  to  a nominal  crack  length  of  about  0.04  in. 
from  the  edge  of  the  hole  by  a painted  crack  detection  circuit  system.  After  detection  of 
crack  initiation,  each  hole  was  restored  to  an  undamaged  state  by  oversizing  and 
coldworking.  A statistical  analysis  of  the  data  by  previously  developed  maximum  likelihood 
methods  is  presented  for  both  scale  and  shape  parameters  of  the  log-normal  and 
two-parsmeter  Weibull  distributions.  The  variability  of  the  fatigue  data,  as  defined  by  the 
shape  parameters,  is  somewhat  less  than  that  established  in  a previous  review  of  fatigue 
scatter.  Also  the  We.’bull  distribution  generally  predicts  a conservative  estimate  of  the  early 
failure  initiation  times,  with  the  degree  of  conservatism  depending  on  selected  reliability 
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FOREWORD 


The  research  work  reported  herein  was  conducted  at  the  Boeing  Commercial  Airplane 
Company,  P.O.  Box  3/J7,  Seattle,  Washington,  for  the  Metals  and  Ceramics  Division,  Air 
Force  Materials  Laboratory,  Air  Force  Systems  Command,  Wright-Patterson  Air  Force  Base, 
Ohio,  under  contract  F33615-72-C-2003.  The  contract  was  initiated  under  project  7351, 
“Metallic  Materials,”  task  735106,  “Behavior  of  Metals,”  with  Mr.  R.  C.  Donat  (AFML/ 
LLN)  acting  as  project  engineer. 

The  research  program  was  performed  by  the  Boeing  Commercial  Airplane  Company, 
structures  technology  staff,  stress  research  group,  fail-safe  and  fatigue  section  with  Mr.  J.  P. 
Butler  acting  as  program  manager  and  principal  investigator.  Work  began  1 August  1972, 
and  the  experimental  work  was  completed  in  December  1973.  This  technical  report  was 
submitted  by  the  authors  in  March  1974. 

The  experimental  work  was  done  in  the  structural  test  laboratories  o!  the  Boeing 
Commercial  Airplane  Company  by  the  Materials  Laboratory  Fatigue  and  Fracture  Group 
under  Mr.  W.  B.  King,  supervisor,  and  Mr.  W.  C.  Larson,  group  lead  engineer.  Mr.  D.  A.  Rees 
was  the  principal  test  engineer  and  directed  the  test  work.  Assisting  Mr.  Rees  in  the  test 
work  were  Messrs.  P.  L.  Malland  and  J.  A.  Gertis,  while  Mr.  B.  Taylor  assisted  in  the  initial 
design  of  the  buckling  restraint  fixtures.  Mr.  C.  D.  Czajka  was  the  principal  instrumentation 
engineer  and  test  machine  operator.  He  was  assisted  by  Messrs.  D.  P.  Nordstrand  and  R.  A. 
Sager  during  this  phase  of  the  work. 
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SECTION  I 


INTRODUCTION 


The  design  of  an  effective  and  reliable  or  durable  aircraft  structural  system  is 
influenced  by  several  considerations.  Material  selection  is  one  of  the  initial  and  primary 
elements  in  this  structural  design  process.  In  its  structural  form,  a material  must  resist  the 
effects  of  not  only  the  envelope  of  maximum  loads,  but  also  the  total  cumulative  exposure 
to  the  variable  loads  during  the  service  life  of  the  structure.  Superimposed  on  these  strength 
and  fatigue  requirements  is  the  calendar  time  effect  of  environmental  exposure,  causing 
corrosion  and/or  embrittlement  peculiar  to  the  specific  alloy  system.  However,  the  chief 
detriment  to  the  structural  integrity  and  reliability  of  an  aircraft  structural  system  is  the 
unanticipated  or  premature  initiation  of  fatigue  damage,  regardless  of  whether  such  damage 
originates  from  the  local  environmental  physical  effects,  or  from  the  localized,  highly 
stressed  areas  at  cutouts  or  holes,  sectional  changes,  joints  or  joint  fastener  locations,  in 
response  to  a mechanical  loading  environment.  This  early  appearance  of  fatigue-crack 
initiation  presents,  at  best,  an  added  and  often  burdensome  maintenance  task  to  the 
operator.  Furthermore,  without  the  aid  of  fail-safe  or  damage-tolerant  structural  design,  this 
early  or  unexpected  fatigue  damage  initiation  may  reduce  structural  integrity  and  create 
structural  safety  problems  leading  to  loss  of  the  structure  and  aircraft. 

Although  inadvertent  or  extraneous  transgressions  in  the  many- faceted  and  often 
monumental  task  of  structural  design  and  fabrication  do  play  a significant  part  in  the  actual 
fatigue  performance  of  structures,  it  should  be  clearly  evident  that  recognition  of  the 
potential  variation  or  scatter  in  the  fatigue  performance  of  real  materials  and  their  structures 
can  reduce  or  forestall  the  impact  of  early  fatigue  damage  regardless  of  its  origins.  The 
application  of  reliability  analysis  technology  to  resolve  the  problems  of  fatigue  variability  is 
a logical  step.  An  exploratory  development  of  such  an  approach  is  reported  in  reference  1 . 
That  study  pointed  out  the  need  for  defining  the  variability  in  terms  of  some  functional 
form,  identifying  the  scatter  in  fatigue  performance,  as  measured  by  time  (i.e.,  cycles)  to 
fatigue  crack  initiation,  in  an  analytical  distributional  form.  This  approach  is  particularly 
important  and  even  necessary  if  the  first  and  next  few  likely  cases  of  crack  initiation  are  the 
focal  point  for  measuring  the  fatigue  performance  of  a group  of  parts  or  a fleet  of  aircraft. 

Ordinarily,  the  evaluation  of  fatigue  performance  relies  on  identifying  the  median  or 
average  behavior  and  applying  a scatter  factor  to  obtain  a likely  or  “predictable”  operational 
life  without  significant  and/or  damaging  fatigue  crack  initiation  in  a detail.  Alternately,  the 
arbitrary  least  of  scatter  in  a test  group  or  a probabilistic  level  of  fatigue  performance, 
defined  by  an  assumed  distribution,  may  be  used.  However,  these  approaches  do  not 
identify  the  likelihood  of  the  first  or  early  initiation  within  a fleet  as  specifically 
investigated  in  reference  1.  In  practice,  the  collection  of  a sufficient  quantity  of  fatigue 
performance  data  to  identify  the  distributional  form  of  the  scatter  has  been  considered  an 
economically  and  calendar  timewise  impossible  task  during  the  vital  design  and  initial, 
definitive  production  stage  of  an  aircraft.  Thus,  the  assessment  of  the  statistical  fatigue 
failure  characteristics  ot  material/structures  in  distributional  form  potentially  has  serious 
limitations.  Practical  considerations  force  limited  testing  that  can  only  guide  identification 
of  the  central  tendency  or  scale  parameter  of  a distribution.  Controlling  the  impact  of  the 


first  or  early  failure  in  a fleet  of  aircraft,  or  the  equivalent  large  group  of  identical  details 
under  the  same  loading  environment,  requires  testing  quantities  to  at  least  the  extent  which 
includes  the  desired  level  of  probabilistic  performance.  Of  course,  testing  to  this  extent  also 
provides  a capability  for  selecting  the  specific  distributional  function  and  its  shape 
parameter  for  identifying  extremal  behavior  in  fatigue. 

Two  candidate  distributions  more  widely  used  in  the  description  o1  fatigue  variability 
are  the  log-normal  and  the  two-parameter  Weibull  distributions.  While  the  behavior  of  both 
of  these  distributions  is  similar  for  levels  of  fatigue  performance  exceeded  by  95%  or  less  of 
the  population,  the  extremal  behavior  of  the  two  distributions  is  significantly  different.  The 
Weibull  distribution  appears  to  recognize  extremal  behavior  and  central  characteristics  more 
representatively  than  the  log-normal  (ref.  1).  In  a feasibility  study  reported  in  reference  2, 
the  application  of  a unique,  multidetail  fatigue  test  specimen  was  explored  for  aid  in  the 
selection  of  a basic  distribution  representative  of  extremal  fatigue  scatter.  By  using  a simple 
hole  in  a sheet  as  a structural  element,  and  a large  sheet  with  an  array  of  such  holes,  each 
structurally  independent  by  virtue  of  placement,  a single  test  specimen  provides  a simulation 
of  a fleet  or  group  of  parts.  The  transposition  of  the  simple  open-hole  detail  to  real  and 
complex  configurations  of  monolithic  and  built-up  configurations  r rely  relies  on  accepting 
that  the  local  stress  env..onment  is  the  prime  initiator  of  fatigue  damage,  and  that  local 
stresses  can  be  related  through  stress  analysis  procedures.  In  summary,  this  multidetail 
specimen  has  a potential  for  providing  guidance  in  distribution  selection  for  a reliability 
analysis  approach  to  fatigue  performance  assurance.  In  a single  test,  sufficient  extremal  and 
central  data  are  gained  to  relate  both  regions  of  a distribution  function. 

Accordingly,  the  objective  of  this  research  is  the  development  of  a 2024-T3  aluminum 
alloy  data  base  to  guide  the  selection  or  identification  of  a distribution  function  that 
satisfactorily  represents  fatigue  variability.  The  fatigue  performance  will  be  checked  in  a 
flight-by-flight  loading  environment  in  contrast  to  the  constant  amplitude  testing  accom- 
plished in  the  feasibility  study  (ref.  2).  'dditionally,  some  specimens  having  other  structural 
details,  such  as  the  fastener-filled  hole  and  load  transfer,  are  tested  to  explore  in  depth  the 
nature  of  fatigue  variability. 
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SECTION  II 


TEST  PROGRAM 


Because  of  the  phenomenalistic  nature  of  fatigue  performance  and  its  variability,  the 
selection  of  the  more  appropriate  distribution  function  in  a reliability  analysis  scheme  must 
rely  upon  both  central  and  extremal  characteristics  of  a sufficiently  large  data  base  to  make 
that  decision  with  any  degree  of  certainty.  Taking  advantage  of  the  background  experience 
reported  in  the  feasibility  study  (ref.  2),  this  developmental  test  program  initiated  plans  for 
a data  base  that  will  obtain  initial  sequential  data  or  order-statistical  data  for  a number  of 
sets  of  structural  details,  represented  by  the  stress  field  of  an  open-hole  or  fastener- 
containing  structure,  under  i controlled  fatigue  loading  environment.  The  loading 
environment  included  six  arbitrary  flight-by-flight  loading  spectra  for  application  to  the  two 
differently  sized  specimens  to  add  further  realism  to  the  loading  as  compared  to  constant 
amplitude  testing. 

A total  of  12  large  and  20  small  specimens  of  0.125-in.  bare  2024-T3  aluminum  alloy 
sheet  make  up  the  test  plan.  The  smaller  specimens  include  six  open-hole  specimens,  two 
fastener-filled  specimens  and  two  each  of  two  different  levels  of  load  transfer.  A limited 
amount  of  strain  gaging  was  planned  to  detect  any  obvious  irregularities  in  the  stress 
distribution  in  the  basic  types  of  specimens.  Details  of  the  program  are  summarized  in 
tables  1 and  2 while  the  test  specimens  are  illustrated  in  figures  1 and  2 and  are  described 
subsequently  in  more  detail.  Three  heats  of  material  were  used  to  fabricate  the  specimens. 
Chemistry  and  mechanical  properties  of  the  specific  test  material  are  given  in  table  3. 

The  definition  of  fatigue  crack  initiation  on  these  multidetail  specimens  is  controlled 
by  a Boeing-developed  crack-monitoring  system  that  uses  a conductive  paint  crack  detection 
circuit.  The  circuit  is  carefully  placed  within  0.030  in.  of  the  edge  of  the  open  hole  or 
within  0.050  in.  of  the  other  details  at  the  general  area  of  the  net  section  to  intercept  the 
crack  tip.  The  local  strain  of  the  crack  tip  fractures  the  painted  circuit  and  actuates  a 
warning  system  and  shutdown  of  the  fatigue  test  machine.  Both  faces  of  the  test  specimen 
have  the  crack  detection  circuit  installed  for  each  column  of  holes  to  detect  crack  initiation 
at  four  locations  on  each  hole  (i.e  , two  faces  and  two  sides  of  the  detail).  The  specific 
location  of  a cracked  detection  circuit  was  accomplished  with  a continuity  meter  check 
followed  by  a local  dye  penetrant  inspection  and  visual  inspection.  An  overall  view  of  the 
crack  detection  circuitry  on  a large  panel  is  shown  in  figure  3 while  figure  4 is  a closeup 
view.  Figure  5 illustrates  the  four  types  of  usage  simulation  specimens  while  figure  6 
provides  a closeup  of  the  crack  detection  circuit  on  an  open-hole  type  of  specimen. 

With  detection  of  a crack  on  an  open-hole  specimen,  the  hole  is  oversized  to  0.375-in. 
diameter  and  coldworked  to  assure  inactivation  of  that  hole  as  a future  crack  site.  The 
spacing  of  the  open  holes  is  sufficient  to  avoid  significant  stress  field  interference  with 
adjacent  holes  after  the  oversizing  treatment.  In  the  large  1 10-detail  specimens,  testing  was 
continued  to  initiate  cracks  in  at  least  10%  to  20%  of  the  total  exposed  holes.  Actually,  two 
of  these  specimens  were  carried  to  61  and  56  failures,  while  in  the  remainder  16  to  24 
cracked  holes  were  developed. 
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Meeting  the  requirement  for  flight-by-flight  testing  in  this  program  is  keyed  to  the 
capability  to  stabilize  the  large  flat  sheets  of  either  size  of  specimen  for  compressive  loads 
such  as  may  be  enc<  untered  in  the  ground-air-ground  transition  of  wing  lower  surfaces.  For 
economic  reasons,  a simple,  rig'd,  welded  frame  of  structural  steel  accomplishes  the 
stabilizing  action.  For  the  large  panels,  a 0.19-  by  4-  by  12-in.  rectangular  tube  is  the  basic 
flame  of  the  fixture.  A local  reinforcement,  a 0.19-  by  3-  by  10-in.  rectangular  tube,  is 
added  to  the  central  test  area  to  increase  torsional  rigidity  of  the  large  frame.  The  smaller 
specimen  fixture  has  a frame  of  0.375-  by  6-  by  4-in.  rectangular  tubing.  For  both  fixtures 
the  columnar  supports  are  0.5-  by  2-in.  bars  welded  to  the  frame  and  intermediate  supports. 
A stabilizing  stress  relief  was  given  to  the  welded  assembly  before  machining  to  a plane 
through  the  stabilizing-bar  contact  surface.  A teflon  coating  is  baked  on  each  stabilizing 
support  bar  to  reduce  friction.  This  coating  was  refurbished  during  the  test  by  an  onsite 
spray  coat  of  a teflon  solution.  The  fixture,  in  two  parts,  clamps  the  specimen  between  the 
two  halves.  Shimming  provides  optimally  a net  to  about  0.001-in.  clearance  for  the  test 
specimen,  but  actual  local  fit-up  is  dependent  on  basic  specimen  thickness  variation. 
Particular  care  is  taken  in  the  fit-up  process  to  assure  that  load  transfer  from  the  specimen 
by  friction  at  the  fixture  contact  surfaces  is  negligible.  The  fixture  is  fixed  in  the  test 
machine  at  the  static  head  (i.e.,  upper  head)  and  lias  sufficient  overall  clearance  to  avoid 
bottoming  out  at  the  dynamic  head  under  compressive  loadings  nominally  expected.  Figures 
7 through  13  show  the  test  fixtures  and  general  machine  setup.  A closeup  of  the  large 
structural  simulation  specimen  is  given  in  figure  14.  Figure  15  provides  an  overall  view  of 
the  test  setup  for  a large  panel  and  the  tool  used  to  pull  the  coldworking  mandrel  through 
the  oversized  hole. 

A check  of  the  influence  of  humidity  on  crack  initiation  is  also  part  of  the  test 
program.  Two  open-hole  types  of  the  usage  simulation  specimen  configuration  (fig.  2a  ) are 
tested.  A plexiglass  environmental  chamber,  enclosing  both  the  specimen  and  stabilizing 
fixture,  is  used  to  contain  a 95%  relative  humidity  (RH).  That  level  of  RH  is  obtained  by 
passing  throttled  plant  air  through  a series  of  two  plastic  jars  (of  6.5-  and  2.0-gal  capacity) 
filled  with  tap  water  and  into  the  environmental  chamber  enclosure.  By  introducing  this  air 
into  three  locations  on  each  side  of  the  specimen  within  the  chamber,  the  desired  physical 
environment  was  obtained.  Incidentally,  only  the  open-hole  specimens  were  tested  under 
this  moist  atmosphere  since  the  other  specimens  by  nature  of  their  design  did  not  allow 
ready  exposure  of  the  specimen  stress  concentration  area  to  the  ambient  environment. 
Figure  16  is  an  overall  view  of  the  environmental  control  setup  and  test  machine. 

The  flight-by-flight  loading  spectra  are  of  two  types.  One  reflects  a cargo/ transport  or 
gust  load  experience.  The  other  spectrum  simulates  a fighter  or  maneuver  load  experience. 
In  brief,  these  loadings  were  generated  by  assuming  a typical  flight  load  profile,  selecting  the 
pertinent  loading  exceedance  data  from  the  literature,  using  a nominal  load  stress  response 
for  the  structure,  choosing  an  arbitrary  S/N  curve  representative  of  typical  structures,  and 
applying  the  Palmgren-Miner  cumulative  damage  rule  to  condense  the  expected  loadings  to 
the  simplified  test  loads.  Two  of  the  three  loading  spectra  of  each  type  of  loading  have  five 
flights  with  30  flight  load  cycles  and  three  ground  load  cycles  per  flight.  These  spectra  differ 
only  in  load  level.  The  third  spectrum  type  (i.e.,  spectra  A-2  or  B-2)  utilizes  the  same 
loading  content  of  the  five-flight,  more  severe  loading  (i.e.,  spectra  A-l  or  B-l),  but 
introduces  ground  loading  cycles  at  each  flight  midpoint  to  develop  a ten-flight  spectrum  of 
identical  total  load  content  except  for  the  added  ground  load  cycles.  The  gust  load  spectrum 
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contains  seven  levels  of  cyclic  flight  loads  while  the  maneuver  load  spectrum  contains  four 
levels.  Tables  4 through  21  present  the  stress  levels  and  test  loads  for  the  program.  Figures 
17  through  19  graphically  compare  and  summarize  the  loading  content  of  the  two  types  of 
spectra.  Actual  test  loading  sequence  was  generated  by  simply  selecting  five  sequences  of  the 
basic  30-cycle  flight  through  use  of  a random  number  table.  The  final  result,  a five-  or 
ten-flight  random  loading  block,  was  repeated  as  necessary  to  initiate  cracks.  Figures  20 
through  25  show  the  gust  and  maneuver  spectra. 

The  test  loads  were  applied  by  an  Electro  Mechanical  Research  (EMR)  Programmed 
Fatigue  Testing  Machine.  This  machine  has  a 1 50,000-lb  maximum  capacity  at  a frequency 
of  0.5  to  20  Hz.  Testing  in  this  program  was  nominally  performed  at  5 Hz.  The  machine  can 
accommodate  specimens  up  to  180-in.  overall  length.  The  machine  operates  on  the 
hydraulic  servovalve  closed-loop  principle.  Random  loading  is  accomplished  by  use  of  a 
seven-track  digital  magnetic  tape  programmer.  The  constant  amplitude  and  programmed 
loads  approximate  a square  wave  at  low  frequencies  and  a reversed  exponential  wave  at  high 
frequencies  by  nature  of  the  system.  Programmed  loads  for  this  machine  must  be  introduced 
at  the  nearest  300-lb  equivalent  of  the  selected  stress.  Overload  stops  on  the  machine  were 
set  to  provide  about  0.010-in.  clearance  at  the  maximum  load  of  each  type  of  spectra. 
Tensile  loads  were  applied  and  zeroed  three  times  while  compression  ioads  were  applied  and 
zeroed  twice. 
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SECTION  III 


TEST  SPECIMENS 


The  test  specimen  design  of  this  program  is  a development  of  a feasibility  study 
summarized  in  reference  2.  The  large  open-hole  structural  simulation  specimen,  as  described 
in  figure  1,  has  an  overall  width  dimension  of  36  in.  and  a length  of  120  in.  These 
dimensions  were  primarily  selected  to  be  compatible  with  available  standard  sheet  widths  of 
other  structural  alloy  systems,  like  titanium  and  steel.  This  configuration  provides  a 
1 10-detail  test  section  that  has  an  increased  relative  distance  between  the  rigid  grip  of  the 
test  machine  and  the  array  of  open  holes,  as  compared  to  those  of  reference  2. 

A further  extension  to  the  multidetail  specimen  concept  is  the  introduction  of  other 
types  of  structural  details.  Fatigue  performance  of  fllled-hole  and  load-transfer  structural 
details  are  developed  to  broaden  the  data  base  for  ultimate  reference  in  identifying  the  more 
likely  distribution  function  reflecting  fatigue  damage  initiation  variability.  The  added 
complexity  of  these  additional  types  of  structural  details  forces  the  size  of  the  specimens  to 
a 20-detail  configuration.  Figure  2 describes  these  smaller  specimens  in  detail.  The  load 
transfer  is  introduced  by  adding  doubler  straps  on  both  sides  of  the  basic  specimen  and 
fastening  with  a single  fastener  in  each  end.  Varying  the  distance  between  end  fasteners 
tends  to  increase  the  load  transfer  by  the  strap  while  yet  providing  a specimen  with 
symmetry  (i.e.,  double  shear).  Because  of  the  nature  of  these  more  complex  specimens  as 
identified  in  figures  2b,  2c , and  2d , it  is  evident  that  detail  crack  sizes  at  detection  are 
sufficiently  long  to  cause  interactions  with  the  adjacent  details.  Hence,  a single  failure  per 
specimen  is  the  estimated  limit  of  these  particular  structural  details,  and  a multiplicity  of 
test  specimens  are  necessary  to  provide  statistically  useful  extremal  data.  All  of  the 
specimens  had  their  bonded  end  doubiers  grit-blasted  to  improve  friction  between  the  test 
specimen  and  the  test  machine  grips.  Load  transfer  at  the  grips  is  obtained  by  high  clamp-up 
of  the  grip  bolts  which  pass  through  clearance  holes  ir.  the  specimens. 

All  holes  had  tool  exit  burrs  removed  by  use  of  600-grit  abrasive  paper  backed  by  a flat 
steel  block  and  longitudinal  action  parallel  to  the  columns  of  holes.  Burr  removal  has  been 
found  necessary  to  assure  deposition  of  the  crack  detection  circuit  at  the  desired  0.030-in. 
distance  from  hole  edge  in  the  open-hole  specimens.  Normal  fabrication  practice  for 
individual  parts  would  deburr  holes  by  chamfering.  In  assemblies  of  aluminum  alloy 
skin-stiffener  structure,  tooling,  hole-drilling  practice,  and  subsequent  clamp-up  by  the 
fasteners  seems  to  reduce  the  influence  of  burrs  as  found  in  these  specimens.  The 
hole-installation  procedure  is  accomplished  on  a numerically  controlled  drilling  machine 
with  four  panels  stack  drilled  and  reamed  at  one  time. 

Strain  gages  are  installed  at  a 4-in.  distance  from  upper  and  first  row  fasteners  and  at 
midsection  of  the  specimen  to  explore  buckling  restraint  fixture  installation  effects  on  load 
distribution  within  typical  specimen  types.  The  gages  were  installed  on  both  open-hole  type 
of  configurations  (figs.  1 and  2a  ) and  the  two  load  transfer  specimens  (figs.  2c  and  2d ).  A 
typical  Hiled-holc  specimen  was  not  instrumented  because  of  its  close  similarity  to  the 
open-hole  specimen.  For  instance,  the  hole  filling  qualities  would  be  most  effective  under 
the  compressive  loads,  but  these  at  best  are  a fraction  of  the  tensile  loads.  Under  tensile 
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loads,  the  lateral  hole-propping  effect  of  the  close  tolerance  fasteners,  as  in  Figure  2b,  does 
not  override  the  hole  discontinuity;  hence,  no  strain  measurements  were  made  on  this 
specimen.  The  strain  gages  themselves  are  a 0.25-in.  grid  (micromeasurements  type 
WAI3-250-BA-350).  A typical  strain  gage  installation  may  be  noted  in  Figures  3 and  4. 
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SECTION  IV 


TEST  RESULTS 


Static  strain  measurements  taken  on  all  the  representative  specimens  are  summarized  in 
tables  22  through  29.  Graphic  presentations  of  these  results  are  shown  in  figures  26  and  27 
for  the  large  panel  (fig.  1 ).  Data  with  and  without  the  buckling  restraint  fixture  in  place  are 
se,  arately  shown.  Figures  43  through  47  present  the  measured  strain  for  the  smaller  figure  2 
specimens  having  the  open-hole  and  the  two-load  transfer  types  of  configurations. 

A summary  of  the  fatigue  test  results  for  the  figure  1 type  of  specimens  is  shown  in 
table  30.  Each  of  the  four  specimens  has  the  material  heat,  fhe  ambient  physical 
environment  (e.g.,  laboratory  air),  the  test  spectrum,  the  crack  initiation  sequence,  location 
and  size  information,  plus  both  the  total  load  points  and  equivalent  cycles  to  crack 
detection.  Hole  position  is  identified  by  column  and  row  designations  given  in  figure  28. 
The  cyclic  load  data  is  counted  by  the  test  machine  in  terms  of  load  points  representing  the 
successive  maximum  and  minimum  of  any  one  cycle.  Thus,  cycles  are  derived  by  merely 
dividing  load  points  by  a factor  of  two  for  the  A-l,  A-3,  B-l,  and  B-3  spectra.  The  ten-flight 
A-2  and  B-2  spectra  had  zero  load  level  introduced  between  the  transition  from  the  last 
flight-load  point  and  the  following  maximum  ground-load  level.  Hence,  the  equivalence 
between  load  points  and  load  cycles  in  these  two  spectra  is  a factor  slightly  greater  than  two 
(i.e.,  370  load  points  represents  each  ten-flight  spectrum  of  180  load  cycles).  Sketches 
illustrating  the  dispersion  of  the  initiated  crack  locations  in  these  twelve  large  panels  are 
presented  as  figures  29  through  40.  As  a matter  of  reference,  similar  charts  are  presented  as 
figures  41  and  42  for  the  two  multidetail  panels  reported  in  reference  2.  Tables  31, 32,  and 
33  duplicate  the  pertinent  test  data  of  the  two  test  prnels  and  the  single-hole  specimens  of 
reference  2. 

A summary  of  the  fatigue  test  results  for  the  twenty  figure  2 types  of  specimens  is 
presented  in  table  34.  Strain  measurements  are  plotted  in  figures  43  through  50. 
Identification  of  the  crack  locations  is  given  in  figure  51.  In  figures  52  through  60,  sketches 
of  crack  locations,  detected  after  disassembly,  are  shown  for  the  fastener  containing  types 
of  figure  2 specimens.  Photographs  of  fluorescent  penetrant  inspection  results  on  a typical 
figure  2 specimen  (2A 1 1 ) are  included  as  part  of  figure  55. 

In  figures  61  through  84,  probability  plots  are  shown  for  both  the  log-normal  and 
two-parameter  Weibull  distributions.  Plotting  positions  (ref.  3)  for  each  initiated  crack  were 
simply  determined  by  the  ratio  of  n/(N+l),  where  n is  the  order  of  detection  of  each 
detected  crack,  and  N is  the  total  number  of  test  details  in  each  specimen.  The  solid  straight 
line  in  these  curves  is  located  by  the  maximum  likelihood  estimate  (MLE)  technique 
reported  in  reference  1.  A comparison  is  also  shown  of  the  fixed-shape-parameter  fit  of  the 
data.  Similar  data  is  presented  for  the  two  constant  amplitude  tested  panels  (ref.  2),  but 
with  the  additional  results  of  the  comparable  single-hole  specimens  of  that  program. 

A comparison  is  made  in  table  35  of  the  MLE  distribution  parameters  and  the  bounds 
of  the  shape  parameters  for  the  12  large  panels  of  this  test  program  plus  the  two  panels  and 
single-hole  specimens  of  the  reference  2 feasibility  study  program.  The  parameter 
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calculations  were  made  considering  the  data  in  terms  of  the  face  of  origin  of  the  initiated 
fatigue  crack  as  well  as  the  total  failures.  Failure  face  origin  was  established  by  the  location 
and  size  of  the  crack.  Where  cracks  penetrated  through  the  specimen,  the  face  having  the 
longer  crack,  or  having  a crack  at  both  sides  of  the  hole  on  one  face  as  well  as  a through 
crack  on  one  side  of  the  hole,  was  established  as  the  origin  face.  Where  no  discernible 
aifference  in  length  on  either  face  was  noted  for  through  cracks,  the  crack  was  arbitrarily 
identified  as  originating  on  the  tool  exit  face.  In  tables  36  through  39,  the  calculated  and 
test  ordered  statistical  failure  characteristics  are  shown  for  the  first  five  failures  on  each 
figure  1 test  panel,  as  well  as  the  two  panels  and  single-hole  specimens  of  reference  2.  The 
results  consider  a 0.50  reliability  level  for  the  selected  number  of  specimens,  a 0.50 
reliability  level  with  a 0.95  confidence,  and  a 0.90  and  0.95  reliability  level  with  no 
confidence  level.  These  ordered-failure  results  are  presented  for  only  the  total  number  of 
failures  (i.e.,  the  number  of  holes  detected  with  valid  cracks). 
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SECTION  V 


DISCUSSION  OF  TEST  RESULTS 


While  no  static  test  properties  were  performed  on  the  2024-T3  aluminum  alloy  sheet 
material  as  part  of  this  program,  the  mechanical  property  test  data  supplied  by  the  vendors 
indicate  the  material  did  meet  specification  standards.  Furthermore,  there  is  an  observable 
but  not  a really  significant  variation  in  the  properties  for  each  heat. 

The  behavior  of  the  test  specimens,  as  indicated  by  the  measured  static  strain  data 
plotted  in  figures  26,  27,  and  43  through  47,  seems  to  indicate  satisfactory  response  in  the 
presence  of  the  buckling  restraint  Fixture.  The  response  appears  linear  over  the  range  of 
strain  measurements.  Although  there  is  some  departure  from  the  equivalence  of  the 
measured  and  applied  strains,  this  difference  is  believed  reasonable.  For  instance,  the 
open-hole  specimens  indicate  a slight  dropping  off  of  measured  stress.  This  is  more  so  for 
the  figure  2a  specimen  than  the  figure  1 specimen.  This  could  probably  be  attributed  to  the 
shunting  of  stress  away  from  the  column  of  holes  due  to  the  discontinuity  of  the  hole.  In 
the  case  of  the  slightly  larger  hole  and  closer  spaced  strain  gage  in  the  figure  2a  specimen, 
this  difference  is  a bit  more  pronounced.  However,  the  actual  magnitude  of  the  difference  is 
slight  and  approaches  the  ordinary  limits  of  strain  gage  readability.  The  influence  of 
structural  detail  is  more  obvious  in  the  case  of  the  load  transfer  straps,  as  observed  in  a 
comparison  of  figures  47,  48,  and  50.  The  load  transfer  straps  appear  to  draw  panel  load  to 
their  line  of  action  as  indicated  by  the  higher  measured  strains,  and  compared  to  the 
expected  equivalent  strain  of  uniform  loading.  Furthermore,  the  longer  straps  appear  to 
attract  more  load  as  may  be  inferred  by  examining  figures  46  and  47.  It  appears  that  the 
buckling  restraint  fixtures  do  function  to  control  the  out-of-plane  bending  of  the  specimens 
of  both  sizes.  Likewise,  no  in-plane  bending  is  observable;  however,  the  flexural  rigidity  of 
the  specimens  is  likely  to  mask  any  such  effect  if  at  all  present,  because  of  the  careful 
atteivfion  to  specimen  lateral  alignment  in  the  test  grips.  It  also  appears  that  friction 
bet'.Yvf  n the  specimen  and  test  fixture  is  not  significant,  or  at  least  not  detectable  by  the 
strain  measurements. 

The  observed  performance  of  both  test  buckling  restraint  fixtures  appeared  quite 
promising  under  the  dynamic  loads  and  the  flight-by-flight  loading  exposures.  The  test 
panels  performed  without  any  observable  buckling  between  the  supports.  It  is  believed  that 
the  fixtures  function  satisfactorily  and  can  provide  responsive  fiight-by-flight  testing. 

The  crack  detection  circuitry  functioned  satisfactorily.  The  fatigue  cracks  were 
detected  at  a consistent  length,  but  apparently  not  quite  to  the  precision  found  in  the 
feasibility  study  reported  in  reference  2.  However,  the  results  are  considered  far  more 
consistent  than  what  has  been  observed  in  service  results  on  actual  structures,  and  they 
should  provide  a good  data  base  for  further  development  of  reliability  analysis  technology. 
Looking  at  the  summary  of  data  found  in  table  30,  there  is  no  pronounced  or  obvious 
difference  in  crack  initiation  sites  with  respect  to  tool  entry  or  exit  face  of  the  specimens  of 
the  figure  1 configuration.  A review  of  the  location  of  crack  origins,  as  illustrated  in  figures 
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29  through  42,  indicate  a rather  random  dispersion  of  the  crack  locations,  even  in  the  case 
of  specimen  A3  in  which  61  crack  initiation  sites  were  obtained. 

Accordingly,  the  painted  crack  detection  circuitry  performed  adequately  on  both  sizes 
of  specimens.  However,  under  the  95%  RH  conditions,  circuit  performance  for  the  figure  2A 
specimens  w^j  suspected  sufficiently  to  replace  the  painted  circuitry  with  crack  wires.  Even 
this  change  was  found  to  be  inadequate  and  detection  had  to  resort  to  visual  examination 
through  the  plexiglass  environmental  chamber,  with  the  presence  of  the  wire  circuit  being  a 
detriment.  Without  a developmental  program  on  this  type  of  crack  detection  circuitry  (i.e., 
either  painted  or  wirey,  it  appears  that  visual  observation  must  be  relied  upon.  Furthermore, 
the  precision  of  visual  detection  under  the  environmental  controls  of  humidity  may  not  be 
adequate  to  obtain  a satisfactory  data  base.  It  is  thought  that  simpler  tests  could  resolve  the 
likely  effects  of  humidity  and  fatigue  crack  initiation  unless  further  developmental  work  is 
accomplished  on  the  circuitry.  In  the  case  of  2024-T3  material,  other  programs  described  in 
the  literature  (i.e.,  crack  propagation)  indicate  less  or  negligible  effect  of  this  humid 
environment  as  compared  to  the  conventional  7000  series  of  aluminum  alloys  (particularly 
7075  and  7 1 78).  Accordingly,  in  the  current  program  it  is  suggested  that  reliance  be  made 
on  visual  detection  of  the  bare  specimens  without  the  camouflaging  effect  of  the  primer  and 
circuit.  As  can  be  observed  from  the  test  data  in  table  34,  the  RH  tests  did  not  produce  any 
significant  cyclic  effect,  except  for  specimen  2A4.  This  figure  2a  configuration  was  found 
with  a number  of  cracks  not  observed  through  the  environmental  chamber  walls  with  the 
associated  ambient  environmental  test  conditions. 

Examination  of  the  crack  initiation  data  for  the  structural  simulation  specimens 
(fig.  1),  as  presented  in  figures  61  through  88,  seems  to  point  out  sever?,  i interesting 
features.  First,  the  test  data  in  most  of  the  cases  exhibits  a scatter,  as  indicated  by  the  shape 
parameter,  less  than  the  values  deduced  in  reference  1 (i.e.,  0.14  for  the  log-normal  and  4.00 
for  the  Weibull  distribution).  The  results  for  specimen  A4  indicate  a greater  likely  scatter. 
The  extremal  replication  of  data  by  both  the  log-uormal  and  Weibull  distribr  ions  is  not 
precise  in  any  of  the  cases. 

One  factor,  particularly  in  the  case  of  specimen  A4,  possibly  dictating  fatigue  response 
may  be  alloy  heat  differences,  although  the  figure  2a  specimens  (i.e.,  open  hole)  did  not 
demonstrate  any  similar  significant  behavior.  Of  course,  the  latter  specimens  provide  a single 
reference  point  in  the  5%  failure  region,  while  the  figure  1 specimens  expand  the  sampling 
scale  to  hss  than  1%.  Possibly  the  difficulties  or  limit?  tions  of  sampling,  and  the  coincident 
need  for  sampling  to  define  fatigue  behavior  confidently  in  the  extremal  range,  play  a part 
in  formulating  these  observations.  Additional  testing  quantities  should  provide  a better  data 
base  that  can  add  more  guidance  to  the  selection  of  the  distribution. 

In  an  analytical  examination  of  the  data,  compiled  in  tables  36  through  39,  the 
comparison  of  the  actual  test  data  for  one  through  five  failures  (i.e.,  initiated  cracks)  is 
made  with  that  predicted  from  the  data  by  a MLE-analysis  and  assumed  fixed-shape 
parameters  for  the  two  distributions  fitted  to  the  test  data.  Obviously,  the  MLE-based  data 
certainly  seems  to  compare  favorably  with  the  test  data  over  the  range  of  considered  failures 
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for  an  assessment  based  on  the  sample  lot  or  “fleet”  size  of  1 10  details  and  a 0.S0  reliability 
based  on  the  estimated  test  mean  or  characteristic  life.  Reliability  levels  of  0.90  and  0.95 
expectedly  indicate  more  conservatism  in  scale  estimates.  Under  the  assumption  of 
fixed-shape  parameters,  all  levels  of  reliability  provide  more  conservative  estimates  relative 
to  the  actual  test  data.  Furthermore,  the  Weibull  distribution  exhibits  an  appreciably  greater 
relative  reduction  in  fatigue  performance  than  the  log-normal  distribution. 

Extending  this  analysis  to  include  a 0.95  level  of  confidence  at  0.50  reliability  shows  a 
similar  response  to  the  influence  of  reliability  level.  Examining  all  of  the  summarized  data  in 
tables  36  through  39  still  indicates  a somewhat  acceptable  comparison  between  test  values, 
and  the  0.50  reliability  based  on  the  110-detail  sample  lot  per  specimen.  However,  the 
demand  for  increased  reliabilities  of  0.90  and  0.95  leads  to  further  conservative  differences 
between  the  test  and  estimated  values.  In  all  of  these  cases  the  Weibull  distribution  provides 
the  more  conservative  estimate. 

In  table  35,  a summary  of  the  estimated  scale  and  shape  parameters  is  compiled  for  all 
tested  specimens  of  the  figure  1 configuration.  Essentially  similar  observations  on  the 
central  characteristic  parameter  (scale  or  location  parameter)  are  observed  as  found  in  the 
analysis  of  the  extremal  data.  With  fixed-shape  parameters  the  nominal  Weibull  charac- 
teristic life  is  greater  than  those  of  the  log-normal  distribution,  as  can  be  noted  in  comparing 
figures  61  through  84.  in  contrast,  the  MLE  estimates  of  the  nominal  central  value  from  the 
test  data  indicate  a “relatively”  close  correlation  in  magnitude  of  the  mean  life  and 
characteristic  life  for  the  two  distributions.  The  Weibull  distribution  indicates  slightly  lower 
values  in  all  but  test  specimen  A3,  where  the  reverse  trend  is  found,  although  that  specimen 
had  61  holes  with  crack  origins.  Accordingly,  this  infers  a likely  difference  in  prediction  of 
the  median  life  by  the  two  distributions  in  all  but  this  latter  test  case.  Adding  a requirement 
of  a 0.95  level  of  confidence  only  reinforces  the  observation  that  the  MLE  estimates  of  the 
scale  parameters  (i.e.,  the  mean  or  characteristic  life)  are  very  similar  for  both  distributions 
and  each  panel. 

As  to  the  shape  parameter,  table  35  shows  that  distributions  fit  the  data  with  nominal 
values  (MLE),  indicating  less  scatter  than  that  proposed  in  reference  1 except  in  the  case  of 
specimen  A4.  This  same  observation  is  demonstrated  in  an  examination  of  the  plots  in 
figures  61  through  84.  Looking  at  ‘he  2%/98 % and  5%/95%  bounds  on  the  estimated  shape 
factor,  specimen  A4  indicates  both  distributions  provide  estimates  indicating  sampling  from 
a populattc'''  that  has  the  0.14  or  4.00  shape  parameter. 

Specimens  A2,  A8,  A 12,  and  panel  one  (ref.  2)  also  indicate  a relationship  to  these 
assumed  values  for  the  log-normal  distribution  alone.  The  shape  parameter  for  all  of  the 
panels  indicates  less  variability  in  scatter  as  suggested  by  cr=  4.00  or  0=  0.14.  At  the 
moment,  however,  this  result  is  suggested  to  be  a problem  of  limited  sampling,  and  further 
examination  of  the  data  by  advanced  classes  of  distributions  is  recommended. 


SECTION  VI 


CONCLUSIONS 


In  summary,  several  conclusions  and  recommendations  can  be  developed  from  the 
testing  of  this  program.  These  are  essentially  as  follows: 

a.  The  test  program  itself,  utilizing  the  buckling  restraint  fixtures,  can  produce 
flight-by-flight  fatigue  crack  initiation  data  for  definition  cf  material/structure 
statistical  failure  characteristics. 

b.  The  open-hole  specimen  is  the  more  effective  costwise  specimen  in  providing  both 
extremal  and  central  type  of  data.  Testing  was  successfully  accomplished  on  two 
specimens  with  6\  and  56  out  of  their  1 10  open-hole  details. 

c.  The  use  of  the  Boeing  previously  developed  painted  crack  detection  circuit  system 
is  believed  to  be  a simple  and  effective  means  to  provide  consistent  fatigue  crack 
initiation  data  rrom  a multidetail  specimen  in  a typical  ambient  laboratory 
environment.  High  humidity  conditions  (95%  RH)  are  currently  tod  severe  for  the 
functioning  of  the  system. 

d.  The  fatigue  performance  of  the  1 10-detail  structural  simulation  specimens  and  the 
20-detail  usage  simulation  specimens  provide  a fatigue  statistical  response 
comparable  to  actual  structures. 

e.  Fatigue  crack  origin  site  as  to  tool  entry  or  exit  face  does  not  appear  to  occur 
significantly  on  one  face  or  the  other  in  the  specimens  tested  in  this  program. 

f.  The  test  results  of  this  program  have  not  demonstrated  an  obvious  advantage  for 
either  the  log-normal  or  Weibull  distribution  ir.  simulation  of  the  test.  However, 
the  Weibull  distribution  does  demonstrate  the  expected  more  conservative 
representation  of  extremal  data.  This  effect  becomes  more  pronounced  as  higher 
levels  of  reliability  are  selected. 

g.  Fatigue  crack  initiation  in  the  fastener-filled  and  load-transfer  types  of  20-detail 
test  specimens  was  found  to  originate  at  fretting  sites  away  from  the  net  section 
area  of  the  hole  itself.  This  behavior  simulates  the  behavior  of  joined  operational 
structures. 

It  is  recommended  that  further  study  of  this  data  be  accomplished,  particularly  in 
regard  to  the  choice  of  an  advanced  class  of  distributions  for  replication  of  statistical 
behavior. 
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Figure  2. -Usage  Simulation  Test  Specimen  Configurations 


Figure  ( few  of  Strain  Cage  ami  Crack  Detection  Circuit  on  Structural  Simulation  Test  Specimen 


Figure  4.-Closeup  of  Strain  Gage  and  Crack  Detection  Circuit  on  Structural  Simulation  Test 
Specimen 
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Closeup  of  Painted  Crack  Detection  Circuit  on  Open  Hole  Usage  Simulation  Specimen 


Figure  7.- Rear  View  of  Buckling  Restraint  Fixture  Ready  for  Positioning  on  Structural 


Simulation  Test  Specimen 
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Figure  10. -Side  View  of  Assembled  Buckling  Restraint  Fixture  on  Structural  Simulation  Test 
Specimen  in  Fatigue  Test  Machine 


26 


.1 


Figure  1 1. -Buckling  Restraint  Jig  Installed  on  a Usage  Simulation  Specimen  in  150,000-Lb  EMR 
Fatigue  Test  Machine 
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Figure  1 2. -One  Stabilizing  Face  of  the  Buckling  Restraint  Jig  for  Usage  Simulation  Specimens 
Suspended  From  Rail  Hoist  System  of  150,000-Lb  EMR  Fatigue  Test  Machine 
With  Installed  Panel 
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Figure  II -Usage  Simulation  Specimen  ( Open  Hole)  With  Crack  Detection  Circuit 
and  Strain  Gages  (Buckling  Restraint  Fixture  Section  in  Background) 
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st  Machine 


Fig: -re  15. -Hole  Cold-Working  Tool 
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hgure  1 6.  - Environmental  Control  Box  and  System  Installed  Around  Buckling 
Restraint  Fixture  and  Usage  Simulation  Specimen  in  150,000-Lb 
EMR  Fatigue  Test  Machine 
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Spectrum  A-1  Basic  Stresses  Spectrum  B-1  Basic  Stresses 

(Gust  Loading:  Transport)  (Maneuver  Loading:  Fighter) 
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A- 2 Basic  Stress 
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Figure  1 8.  -Basic  Fatigue  Test  Spectrum  Loading  Content  Per  10-Flight  Spectrums  A-2  and  B-2  for  Aluminum  Alloy  2024-T3 
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Figure  2 1. -Basic  Test  Spectrum  A-2  ( 10-Flight  Gust  Load  Type) 


Load  cycles  per  flight 

Figure  22. -Basic  Test  Spectrum  A-3  ( Reduced  Level  Five-Flight  Gust  Load  Type 
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33  66  Load  cycles  per  flight  99  132  165 

Figure  25.— Basic  Test  Spectrum  B-.i  ( Reduced  Level  Five-Flight  Maneuver  Load  Type ) 


grot*  (train  (0.001  inVin.) 


Applied  equivalent  grow  (train  (0.0U1  in./in.) 

a.  Gages  1-6 

Figure  26.  - Comparison  of  Measured  Strains  With  Applied  Equivalent  Strains  on 
Structural  Simulation  Specimen  Without  Buckling  Restraint  Fixture 


42 


grow  strain  (0.001  injin.) 


Applied  equivalent  grow  itrain  (0.001  in./in.) 
b.  Gages  7-11 

Figure  26.  - Concluded 
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Measured  gross  strain  iO.OOl  mVin.) 


Applied  equivalent  gross  strain  (0.001  in./in. j 
a.  Gagas  1-6 

Figure  27. -Comparison  of  Measured  Strains  With  Applied  Equivalent  Strains 
on  Structural  Simulation  Specimen  With  Buckling  Restraint  Fixture 
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Measured  gross  strain  (0.001  in. 'in.) 


10  -0.5  0 0.6  1.0  1.6 


Applied  equivalent  gross  strain  (0.001  InVin.) 
b.  Gages  7-11 

Figure  27.  Concluded 
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Note: 


Column 

identification 
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All  crack  locations 
are  identif  ied 
as  extending  to  the 
right  or  to  the  left 
of  the  hole  location, 
given  by  the  associated 
column  letter  and 
row  number,  when 
viewed  looking  at 
the  tool  entry  face 
of  the  test  specimen. 


Tool  entry  face 


Figure  28. -Identification  of  Hole  Location  and  Crack  Growth  Direction  in 
Structural  Simulation  Test  Specimen  Configuration 
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Legend: 

# Tool  entry  face  origin 
® Tool  exit  face  origin 

Note:  Su perse,  ipt  numeral  is  detection  sequence. 


Figure  29.  -Fatigue  Crack  Initiation  Sites  at  Holes  in  Structural  Simulation 
Specimen  Al.  (Al.  Alloy  2024-T3  Heat  A,  Test  Spectrum  A-l) 
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# Tool  entry  face  origin 
0 Tool  exit  face  origin 

Note:  Superscript  numeral  is  detection  sequence. 


Figure  32.  Fatigue  Crack  Initiation  Sites  at  Holes  in  Structural  Simulation 
Specimen  A4.  (Al.  Alloy  2024-T3  Heat  C,  Test  Spectrum  B-I ) 
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Figure  34. -Fatigue  Crack  Initiation  Sites  at  Holes  in  Structural  Simulation 
Specimen  A 6.  (Al.  Alloy  2024-T3  Heat  A,  Test  Spectrum  B-I ) 


Note:  Superscript  numeral  is  detection  sequence. 


Legend: 

# Tool  entry  face  origin 
® Tool  exit  face  origin 

Note:  Superscript  numeral  is  detection  sequence. 


Figure  37. -Fatigue  Craek  Initiation  Sites  at  Holes  in  Structural  Simulation 
Specimen  A 9.  (Al.  Alloy  2024-T3  Heat  A.  Test  Spectrum  B-2' 
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• Tool  entry  face  origin 
® Tool  exit  face  origin 

Note:  Superscript  m meral  is  detection 


sequence. 


Figure  38  -Fatigue  Crack  Initiation  Sites  at  Holes  in  Structural  Simulation 
Spec, men  AIO.  IAI.  Alloy  2024-T3 Heat  A.  Test  Spectrum  A 31 


• Tool  entry  face  origin 
® Tool  exit  face  origin 

Note:  Superscript  numeral  is  detection  sequence. 
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Figure  39,  -Fatigue  Crack  initiation  Sites  at  Holes  in  Structural  Simulation 
Specimen  All.  I Al.  Alloy  2024-T3  Heat  A.  Test  Spectrum  B-3) 
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Legend: 

% Tool  entry  face  origin 
©Tool  exit  face  origin 

Note:  Superscript  numeral  is  detection  sequence. 
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l igure  41,  Fatigue  Crack  Initiation  Sites  in  Holes  of  Mullihole  Panel  No.  I, 
Reference  2 (At.  Alloy  2024-T3  0. 125  In.  Thick } 
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Column 


Legend: 

# Tool  entry  face  origin 
®Tool  exit  face  origin 

Note:  Supersript  numeral  is  detection  sequence. 
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Figure  42.  -Fatigue  Crack  Initiation  Sites  in  Holes  of  Multihole  Panel  No.  2. 
Reference  2.  (Al.  Alloy  2024-T3,  0.125  In.  Thick) 
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o 0.2  0.4  0.6  0J  VO  v.:  1.4 

Applied  •quivtltnt  gross  strain  (0.001  )n./in.) 

Figure  43 - Comparison  of  Measured  Strains  With  Applied  Equivalent  Strains  on  Usage 

Simulation  Specimen  (Fig.  2a,  Open  Hole)  Without  Buckling  Restraint  Fixture 
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Applied  equivalent  gross  strain  (0.001  in./in.) 


Figure  44.  -Comparison  of  Measured  Strains  With  Applied  Equivalent  Strains  on  Usage 
Simulation  Specimen  (Fig.  2a,  Open  Hole)  With  Buckling  Restraint  Fixture 


Measured  gross  strain  (0.001  in./in.) 


Figure  45.  -Comparison  of  Measur ■ t Strains  With  Applied  Equivalent  Strains  for  Usage  Simulation 
Specimen  ( Fig  2a.  Open  Hole)  With  Buckling  Restraint  Fixture  and  Load  Reversal 
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-1.0 


1.5 


-0.5  0 0.5  1.0 

Applied  equivalent  gross  strain  (0.001  in. /in.) 

t 

Figure  4S. -Comparison  of  Measured  and  Applied  Equivalent  Strains  for  Basic  Sheet 
and  Load  Transfer  Straps  of  Usage  Simulation  Specimen  ( Fig.  2d)  With 
Buckling  Restraint 
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6 1 = strain  reading  of  outer  or  top  gage  in  flexgage,  in./in. 

f 2 = strain  reading  of  inner  or  interface  gage  in  flexgage,  in./in. 

= calculated  bending  strain  at  instrumented  or  free  surface  of  strap,  in./in. 

£d  = calculated  axial  of  strap,  in. /in. 

t = thickness  of  strap,  in  (0.080  in.) 

t T estimated  thickness  of  gage  adhesive,  in.  (0.003  in.) 

D = distance  between  gage''  in  flexgage  in.  (0.021  in.  for  gages  used  in  this  test) 

I t . 

Accordingly,  fc?  - t2  7,  v i - ' (<- 1 - fj)  or 
t 


Figure  49.  I-  s nutation  oj  iransfer  Strains  in  Loading  Straps  of  Usage  Simulation 
Specimens  t Fig.  2d)  With  duckling  Restraint 
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Applied  specimen  load  (1000  lb) 


Figure  50. -Calculated  Axial  Strains  and  Loads  in  Load  Transfer  Straps  of  Usage  Simulation 
Specimen  (Fig.  2d)  With  Buckling  Restraint 
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Estimated  fastener  load  (1000  lb) 


All  crack  locations 
are  identified 
as  extending  to 
the  right  or  to 
the  left  of 
the  open  hole 
or  fastener 
location  when 
viewed  looking 
at  the  tool 
entry  face 
of  the  test 
specimen. 
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Figure  51.  - Identification  of  Hole  or  Fastener  Location  and  Crack  Growth 
Direction  in  Usage  Simulation  Test  Specimen 


Figure  54.—  Fatigue  Crack  Initiation  Sites  in  Usage  Figure  55.—  Fatigue  Crack  Initiation  Sites  in  Usage 

Simulation  Specimen  No.  2A10(Fig.  2,  Simulation  Specimen  No.  2A1I  ( Fig.  2. 

Load  Transfer.  Type  I)  Detected  During  Load  Transfer,  Type  II)  Detected  During 

Testing  and  After  Disassembly  Testing  and  After  Disassembly 
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b.  Specimen  2A11  Fluorescent  Penetrant  Identification  of  Fatigue  Cracks  and  Local  Surface  Fretting 
on  Tool  Entry  Curface  After  Disassembly  at  Fasteners  1,  2, 11,  and  12 


Figure  55. -Continued 
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c.  Specimen  2A11  Fluorescent  Penetrant  Identification  of  Fatigue  Cracks  and  Local  Surface  Fretting 
on  Tool  Exit  Surface  After  Disassembly  at  Fasteners  1,  2, 11,  and  12 


Figure  55. -Continued 
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d.  Specimen  2A11  Fluorescent  Penetrant  Identification  of  Fatigue  Cracks  and  Local  Surface  Fretting 
on  Tool  Entry  Surface  After  Disassembly  at  Fasteners  3,  4,  13,  and  14 


Figure  .5.5.  - Continued 
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Specimen  2A11  Fluorescent  Penetrant  Identification  of  Fatigue  Cracks  and  Local  Surface  Fretting 
on  Tool  Entry  Surface  After  Disassembly  at  Fasteners  b,  6,  15,  and  16 
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Figure  55.  - Continued 
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or  Tool  Exit  Surface  A^rD^^sernblyat'Fas^ers  and L°Ca'  Fr#t 


Hgure  55.  Continued 
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j.  Specimen  2A11  Fluorescent  Penetrant  Identification  of  Fatigue  Cracks  and  Local  Surface  Fretting 
on  Tool  Entry  Surface  After  Disassembly  at  Fasteners  9,  10,  19,  and  20 


Figure  55.  Continued 
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k.  Specimen  2A11  Fluorescent  Penetrant  Identification  of  Fatigue  Cracks  and  Local  Surface  Fretting 
0:1  Tool  Exit  Surface  After  Disassembly  at  Fasteners  9,  10,  19,  and  20 


Figure  55.  Concluded 
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60  70  80  90  100  150  200  250  30C 

Total  cycles  to  crack  initiation  (kc) 

Figure  61.  ~ Weibull  Cumulative  Probability  Representation  of  Fatigue  Crack 
Initiation  Results  on  Structural  Simulation  Specimen  A I 
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Probability  of  fatigue  crack  initiation 


Figure  66. -Log-Normal  Cumulative  Probability  Representation  of  Fatigue  Crack 
Initiation  Results  From  Structural  Simulation  Specimen  A3 
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Probability  of  fatigue  crack  initiation 


60  70  80  90  100  150  200  250  300  350 

Total  cvcles  to  crack  initiation  (kc) 

Figure  67.-  Weibull  Cumulatin'  Probability  Represcntatijn  of  Fatigue  Crack 
f’litiation  Results  From  Structural  Simulation  Specimen  44 
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Probability  of  fatigue  crack  initiation 


60  70  80  90  100  150  200  250  300  350 

Total  cycles  to  crack  initiation  (kc) 

Figure  69.  - Weibull  Cumulative  Probability  Representation  of  Fatigue  Crack 
Initiation  Results  From  Structural  Simulation  Specimen  Ao 
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Figure  72.  -Log-Normal  Cumulative  Probability  Representation  of  Fatigue  Crack 
Initiation  Results  From  Structural  Simulation  Specimen  46 
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/ igure  73.  - Weibull  Cumulative  Probability  Representation  of  Fatigue  Crack 
Initiation  Results  From  Structural  Simulation  Specimen  A 7 
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60  70  80  90  100  150  200  250  30C 

Total  cycles  to  crack  initiation  (kc) 

Figure  75.-Weibull  Cumulative  Probability  Representation  of  Fatigue  Crack 
Initiation  Results  From  Structural  Simulation  Specimen  AS 
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Total  cycles  to  crack  initiation  (kc) 

Figure  76. -Log-Normal  Cumulative  Probability  Representation  of  Fatigue  Crack 
Initiation  Results  From  Structural  Simulation  Specimen  AS 
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Figure  78.- Log-Normal  Cumulative  Probability  Representation  of  Fatigue  Crack 
Initiation  Results  From  Structural  Simulation  Specimen  A 9 
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Figure  79.  - Weibull  Cumulative  Probability  Representation  of  Fatigue  Crack 
Initiation  Results  Front  Structural  Simulation  Specimen  A 10 
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f igure  SI.  Weibull  Cumulative  Probability  Representation  of  Fatigue  Crack 
Initiation  Results  From  Structural  Simulation  Specimen  All 
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Figure  82. -Log-Normal  Cumulative  Probability  Distribution  Representation  of  Fatigue  Crack 
Initiation  Results  From  Structural  Simulation  Specimen  All 
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Probability  of  fatigue  crack  initiation 


Figure  S3.  Weihnll  Cumulative  Probability  Representation  of  Fatigue  Cra  t 
Initiation  Result s From  Structural  Simulation  Specimen  All 
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Figure  86.  -Log-Normal  Cumulative  Probability  Representation  of  Fatigue  Crack 
Initiation  Results  From  Multilwle  Test  Specimen  Panel  One  (Ref  2) 
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Figure  87.  - Wei bull  Cumulative  Probability  Representation  of  Fatigue  Crack 

Initiation  Results  From  Multihole  Test  Specimen  Panel  Two  (Ref.  2) 
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Probability  of  fatigue  crack  initiation 


Total  cycles  to  crack  initiations  (kc) 

b.  Failures  Originating  at  Tool  Exit  Face 


Figure  87. -Continued 
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Probability  of  fatigue  crack  initiation 


Figure  87.  - Concluded 


U7 


Probability  of  fatigue  crack  initiation 


Total  cycles  to  crack  initiation  (kc) 

a.  Total  Failures 


Figure  88. -Log-Normal  Cumulative  Probability  Representation  of  Fatigue  Crack 
Initiation  Results  From  Mnltiliole  Test  Specimen  Panel  (Ref.  2) 


1 18 


Probability  of  fatigue  crack  initiation 


Probability  of  fatigue  crack  initiation 


c.  Failures  Originating  at  Tool  Entry  Face 


Figure  88.  -Concluded 
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TABLE  I.  -SUMMAR  Y OF  TEST  PROGRAM  AND  NUMBER  OF  SPECIMENS 


Test 

specimen 

configuration 

Test  spectrum 
identification 

Material  and 
number  of 
test  specimens 

Total 

number 

of 

test 

specimens 

per 

configuration 

No. 

Description 

Heat 

A 

Heat 

B 

Heat 

C 

Figure  1 

A-1 

Gust  load 

2 

1 

1 

A-2 

Gust  load 

1 

- 

- 

Structural 

A-3 

Gust  load 

1 

- 

- 

12 

simulation 

B-1 

Maneuver  load 

2 

1 

1 

B-2 

Maneuver  load 

1 

- 

- 

B-3 

Maneuver  load 

1 

- 

- 

Figure  2a 

A-1 

Gust  load 

2a 

— 

1 

A-2 

Gust  load 

1 

- 

- 

Usage 

A-3 

Gust  load 

1 

- 

- 

10 

simulation 

B-1 

Maneuver  load 

2a 

1 

- 

open  hole 

B-2 

Maneuver  load 

1 

- 

- 

B-3 

Maneuver  load 

1 

- 

- 

Figure  2b 

A-1 

Gust  load 

1 

- 

- 

A-2 

Gust  load 

- 

- 

- 

Usage 

A-3 

Gust  load 

- 

- 

- 

2 

simulation 

B-1 

Maneuver  load 

- 

1 

- 

filled  hole 

B-2 

Maneuver  load 

- 

- 

- 

B-3 

Maneuver  load 

- 

- 

- 

Figure  2c 

A-1 

Gust  load 

1 

1 

1 

A-2 

Gust  load 

- 

- 

- 

Usage 

A-3 

Gust  load 

- 

- 

- 

4 

simulation 

B-1 

Maneuver  load 

- 

1 

load  transfer 

B-2 

Maneuver  load 

- 

- 

- 

type  1 

B 3 

Maneuver  load 

- 

- 

Figure  2d 

A-1 

Gust  load 

1 

1 

1 

A-2 

Gust  load 

- 

- 

- 

Usage 

A-3 

Gust  load 

- 

- 

- 

4 

simulation 

B-1 

Maneuver  load 

- 

1 

- 

load  transfer 

B-2 

Maneuver  load 

- 

- 

- 

type  1 1 

B-3 

Maneuver  load 

- 

- 

- 

aOne  specimen  tested  under  95%  relative  humidity 


TABLE  2.  CORRELA  TION  OF  TEST  SPECIMEN  IDENTIITCA  TION  NUMBER  WITH 
BOEING  MANUFACTURING  DRA  WING  NUMBER  AND  PANEL  EABRICA  TION  NUMBER 


Test 

specimen 

identification 

number 

Material 

heat 

number 

Drawing 

number 

Drawing  title 

Panel 

fabrication 

number 

A1 

A 

64-22727-1 

Multihole  Structural  Simulation  Specimen 

1 

A2 

A 

-1 

2 

A3 

B 

-2 

1 

A4 

C 

-3 

1 

A5 

B 

-2 

2 

A6 

-1 

4 

A7 

•1 

5 

A8 

-1 

3 

A9 

-1 

7 

A10 

-1 

6 

All 

8 

A12 

-3 

2 

2A1 

64-22728-1 

Usage  Simulation  Test  Specimen  -Open  Hole 

1 

■ 

-1 

—Open  Hole 

2 

-1 

—Open  Hole 

3 

2A4 

•1 

—Open  Hole 

4 

2A5 

B 

2 

—Open  Hole 

1 

2A6 

C 

-3 

—Open  Hole 

1 

2A7 

A 

4 

—Filled  Hole 

1 

2A8 

B 

5 

—Filled  Hole 

1 

2A9 

A 

-8 

-Ld.  Trans.-type  1 

1 

2A10 

B 

-9 

-Ld.  Trans.-type  1 

1 

2A1 1 

A 

-6 

— Ld.  Trans.-type  II 

1 

2A12 

B 

-7 

— Ld.  Trans.-type  II 

1 

2A13 

Kl 

-1 

—Open  Hole 

5 

2A14 

1 i ' 

-1 

-Open  Hole 

6 

2A15 

II 

-1 

—Open  Hole 

7 

2A16 

D 

-1 

—Open  Hole 

8 

2A17 

B 

-7 

— Ld.  Trans.-type  II 

2 

2A18 

C 

■23 

— Ld.  Trans.-type  II 

1 

2A19 

B 

-9 

-Ld.  Traris.-type  1 

2 

2 A 20 

C 

•24 

— Ld.  Trans.-type  ! 

1 

1 


TABLE  4 BASIC  TEST  LOADS  PER  FLIGHT  FOR  LOAD  SPECTRUM  A-l  (GUST  LOADING ) 


Test  loads3 

Number 

of 

Nominal 

Structural  simulation 

Usage  simulation 

loads 

stress 

specimen 

specimen 

per 

levels15 

(fig.  1) 

(fig.  2) 

flight 

f 

f . 

P 

P . 

P 

P . 

max 

mm 

max 

min 

max 

min 

(ksi) 

(ksi) 

(kip) 

(kip) 

(kip) 

(kip) 

3 

4.8 

-7.9 

-21.6 

-35.7 

-6.0 

•9.9 

14 

15.1 

5.0 

68.1 

22.8 

18.9 

6.3 

5 

16.3 

3.8 

73.5 

17.1 

20.4 

4.8 

4 

16.8 

3.1 

75.6 

14.1 

21.4 

3.9 

3 

17.5 

2.4 

78.9 

10.8 

21.9 

3.0 

2 

18.7 

1.44 

84.3 

6.6 

23.4 

1.8 

1 

19.9 

0.24 

89.7 

1.2 

24.9 

■ 

1 

22.1 

•1.9 

99.3 

-8.7 

27.6 

D 

3 Test  loads  are  taken  at  appropriate  300-lb  unit  of  gross  load  to  match 
test  machine  load-programming  requirements. 

^Nominal  stress  level  based  on  nominal  gross  area  of  panels: 

A1  = 10.00  x 0.125  = 1 .25  sq  in.  (usage  simulation  specimen) 

A2  - 36.00  x 0.125  = 4.50  sq  in.  (structural  simulation  specimen) 
Stresses  at  nearest  100  psi  for  usage  simulation  specimen  loads. 
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T/BLE  5.  CYCLIC  LOAD  SEQUENCE  AND  DISTRIBUTION  OF  FIVE-FLIGHT  BASIC  TEST 
SPECTRUM  A- 1 FOR  STRUCTURAL  SIMULATION  SPECIMENS  (FIG.  I) 


Cyclic  test  load  definition  per  flight  (kip) 

Flight  E 

Min 

-35.7 

-35.7 

-35.7 

CO  00  CO  (O  00  ^ ^ 00  C>l  CO  CO  ^ CO  CO  (O  00  <»  CO  CO  00  00  00  00 

CN  CN  CN  (O  O Pn!  CN  ^ CN  cvi  c>i  CN  (O  r^‘  0 op  CN  O CN  CN  csi  ^3*  CN  CN 

CNJ  r-  CN  CN  »-  «-  f-  f-  CN  CN  CN  *—  CM  *“  CM  i-i“^CM*-CMCMCM*-CNCN*- 

Max 

1 

Flight  D 

Min 

-35.7 

-35.7 

-35.7 

^eqcocqeqcM.oqeqeg  — eqoq  — — r^cqoqoq  — — — cqoq  — 00  — eqoocooq 

^ cm  d c\i  cm  — cm  cm  cm  rr  cm  O r-^  rr  op  0 cm  c4  C'-  p--'  0 cm  r--  CM  tt  cm  cm  co  cm 

— CM  CM  CM  CMCMCM-  CM  — — — CMCM  — — — — CM—  CM  — CMCM  CM 

Max 

iaia 

WSBBSBKKBKKSSBKM 

■MMMMBMMaAfliliiiBfeiliMHBBMB 

Flight  C 

Min 

-35.7 

-35.7 

-35.7 

00  — oooq- eo  — eqcgooiM.  — ooeq  — — — oqogcocMoqogogoqoqoqog  — — 

cm"  P-’  O CM  P-i  CM  «•’  0 ‘-6  cm’  op  O'  CM  CM-  St  p>!  cm  O cd  — CM-  CM  CM  CM  Cm’  Cm’  Cm’  P-’ 

CM  — — CM  — CM  - — CM^—  CMCM  — — — CM  — CMCMCMCMCMCMCM  — — 

Max 

-21.6 

-21.6 

-21.6 

68.1 

73.5 

78.9 

68.1 

73.5 
68.1 

75.6 
78.9 

84.3 
^.1 

99.3 

73.5 
68.1 
68.1 

75.6 

75.6 

73.5 
68.1 
78.9 

84.3 

89.7 
68.1 
68.1 
68.1 
68.1 
68.1 
68.1 
68.1 

75.6 
73.5 

Flight  B 

Min 

cnoq  — cqoo  — cm  — cpeqiMcoq  — co— cgcqcq  — — 00  — — oocg  — oqoqcooq 

cm"  0 CM  cm"  CM  IP."  — Mt  CM  CM  Op  CM  **  CO  V CM  CM  O P-’  1^  C>  l».‘  1^  CM  Cm’  mT  CM  Cm’  CD  Cm’ 

CM  — CM  CM  CM  — — CM  CM  ~ CM  — — CMCM  — — — — — — CMCM  — CMCM  CM 

Max 

(0(0(0 
CN  CN  CNJ 

r-Oi*- ; ^ ^ 10  n (O  t-  i- icof-djrodjr-f—  ojininoiinin^^co^ ; co 

qooococpcpdddcDqidcpd^dqjogdHHooddcoddqjqo^cp 

Sr^cOcocOr>MOor^(o(Sa)cSr^oor^tOcSr^f^r^r^r^r^2>CDr^CD(Doo3 

Flight  A 

c 

ii 

op  co  — cm  oo  — — cn  — oqeqeqeqoq  — op- cqcqcqcqoqcqr';cqoq  — — co  — 

CM  cd  ^ CM  r^’  CM  ^ CM  CM  CM  CM  CM  r^’  CM  CM  cd  0 0 CM  CM  op  CM  CM  r«^  MT  0 ^: 

CM  — CM  — — CM  — CMCMCMCMCM— CM  — CM  — — CMCM  CMCM  — — — — 

Max 

(0(0(0 
CN  cy  CV 

68.1 

84.3 

73.5 

89.7 

68.1 

73.5 

73.5 
68.1 

75.6 
68.1 
68.1 
68.1 
68.1 
68.1 

73.5 
68.1 

75.6 
68.1 

84.3 
78.9 
78.9 
68.1 
68.1 

99.3 
68.1 
68.1 

73.5 

75.6 
78.9 
75.6 

Load 

sequence 

per 

flight 

— CM  CO 

^■incor^como  — CMCO^wcop^oocno  — CMCO^incorvoowQ  — cmco 

— — — — — — — — — — CMCMCMCMCMCMCMCMCMCMrtnnn 

Type 

of 

loading 

Ground 

loads 

Flight 

gust 

loads 
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TABLE  6.  CYCLIC  LOAD  SEQUENCE  AND  DISTRIBUTION  OF  FIVE-FL /OUT  BASIC  LEST 
SPECTRUM  A- 1 FOR  USAGE  SIMULATION  SPECIMENS  ( FIG.  2) 


Min 

05  05  05 
05  05  05 

qqqqqqqqqqqcqcqcqcoqcqcqcqq^cqqcqcqcqqqcqco 

CDCOCDCD^rOCO^TrCDdcDCD^cbcOCDf-’^HcNCDCOCDCDCDCOCDCD^ 

1 

Max 

o o o 

CO  CO  CO 

qoqqTfqo^^qqqqi;qqo)^^qqqqqqqqqq^ 

c6^cdc6co^^ddc6’^c6c6dco^:cd^o«-:r^cd«-:c6c6c6'-:c6c6o 

*—  CNCNCNCNCN*-  CNi—  i—  CN*-“CNi--CNCVJCNCN»— CVJ*—*—*—  CN«“»— CN 

c 

i 

® 0)0) 
q cp  q 

qqwqnnnnqqqqqq^qnqwwqqnwqqnnwq 

^co^cocddcococDdcod^dricococo^^cococo^cdcocDco^cD 

Max 

qoo 

CO  CO  CD 

^q^qqqqqqqqq^qqqqq^^oqq^qoqq^q 

dooddcd^ddd^d^d^t^^oocodd^^oodco^cocococd 

CNt-CN’-’-CN«“«-«-C\I«“C\ICNCNCNCNi-»-CNCNCNCN«-CN’-CN«“«-CN»- 

Min 

qqq 

cp  q CD 

qqqqMqqqwqtqnnqqwqqwqqnnnqnnqq 

cb^fOCD^cbdcO^CDcN^CDCDCOCO^CDCO^OCDCDdcDCDCDCDCO^r 

Max 

qoo 
cp  cp  cd 

q^qq^tqqqrfoq^qqoo^qq^qqqqqqqqq^ 
dd^ddd^^coc6r^dodc6^'-‘  doo^cortcococococococo^d 
*-CNC\l«“C'J«“CNC'JC\t-CNC'J«“i-CNCNC'Ji-C'JCNCN*"-«“*“*-«“*-*-C'JCN 

Min 

q q q 
q q q 

nqnqqwnqqnrfqqqqqncrowqqwnqqwqqn 

CDCOCDCDCD  TtOCOCDCDcNdH^dcbcDCO^^COTj-'^CDCDCOcbcD^CD 

Max 

o o o 

CO  CO  CO 

0505050505^Cf0500505i0050^0050505^^05^;^0505005C5^05 

e6^cdo6o6d^^odo6i^od^c*5^:e6o6»-:dd*-:ddcded«-o6e6cncd 

>-CNT-r-^-tNCNtN*-»-CN«-CNCNC'Jf-f-tNCMCMCgCNCN«-*-tN*-*-CNv- 

c 

ii 

q q o) 
q q q 

nqwnnraqnqqqnnnronqnraqqnq^nnqqqq 
CD^^OCD^  ^cbcocDcbcDCDCD^crcocD^coddcDCNcbcD^cococo 

Max 

qoo 

CD  CD  CD 

C5^;^;05O5^;,a;O5pO5O5O5O5O5'^;O5pO5'tO5O5O5C35tDO)O5'l;pO5p 

rodd'^:odddeo'-odcdedcdcdoeo'--;c6(v5'--:'--:o6c6r--’c6c6d^^-^-' 

<-CNCNCN'-C\ICN’-CN’-’-'-''-T-C'4--<NJ'-CNCNCN*-'-CN»-T-CNCNCNCN 

cn  co  TrincDr'.coo?Oi-CNCVtfincDr*.ooo)0*-CNCO'3‘iflco^.coa}0*-CNCO 
«-i-*-«-i-i-i-*-*-i-CNCNCV'CN<\ICNCNCNCNCNCOCOCOCO 


hi 

H o 


26 


TABU:  7. -BASIC  TEST  LOADS  PER  10-FLIGHT  LOAD  SPECTRUM  A-2  < GUST  LOADING) 
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TABLE  9. - CYCLIC  LOAD  SEQUENCE  AND  DISTRIBUTION  OF  10-FLIGHT  BASIC  TEST  SPECTRUM  A-2 
FOR  USAGE  SIMULATION  SPECIMENS ( FIG  2) 


Q. 

Jt 

E 

33 

u 

Qi 

Q. 

4J 

C 

e 

c 

"oi 

t? 

•a 

0 

S; 

1 > 

—> 

r 

g* 

LL 

c 

0 0)0 

anoononnonnnpnna 
n co  'T  i')  cm  cj  :-i  co  co  co  n (O  (O  «t'  * 

X 

~3 

o o o 

to  CD  IT 

ponnoooooooooon 

--  03  ro  f)  r-  1 aO-COCOCD  — COCOOO 
c»  — Cm  <m  cm  im  *-  Cm—  — — cm  — — Cm 

s. 

u. 

c 

OOO 
O <T>  0: 

nflinnoooiaoi'inonojn 
tontoto  — coonntooto'bnto  i 

X 

■o 

ooo 

CO  CO  CO 

OpOOnCOOnnpOOOnO) 
a>  — oo  oi  co  — — 000690  toocoo 

— CM  — — (M  IN  CM  <N  •-  CM  CM  — 

Flight  H 

o>  o o 
0)0*0) 

onntocDO)OP)cono)finopr, 
o co  <s  «j  ^ cocotontbcotoco  — co  i 

”9 

2 

o o o 

CO  CO  CO 

OOOnnOOOnOOOOnO 
— co  oo  o o — — cooco  — cdoccocbo 

CM  — — CM  Cm  Cm  CM  — CM  — CM  — — CM  — 

1 

i 

0)0)0) 

0)0)0) 

oo  m « n n n cocoococoowpn 
neb  — (pcpOioconMcpcivnN  i 

i 

cop 

CO  CO  ID 

no)n0)oo>0)00)00)0)no)co 
p co  n oo  oo  • » cococo  — cb  — o-»^C 

CM  — CM  — — C . — — — CM  — N CM  N N 

i 

B 

0)0)0) 

0)0)0) 

o oo  co  o oo  co  cocoppcocoiopu) 
concbco  — ocbcbcbcbcbcococon  I 

i? 

2 

ooo 

CO  CO  CO 

o n O)  O)  -t  c»  c>0)0)0)0)0)0)0n 
— o oo  — ci  *r  ooobooooooooco  — oo 

CMCM  — CMCMCM—  — — — — — — Cm  CM 

n 

c 

5 

0)0)0) 

0)0)0) 

ooooocooooooococonoqcocoo 
co  n n <o  co  ci  oo  — cb  cm  n cb  co  co  i 

X 

2 

o o o 

CD  CO  CO 

onponoepnoconopo 
oo  p — oo  o co  — coobr^ococo—  o 

- N CM  - CM  - CMCMCM  — CMCM  — — CM 

o 

'ji 

iZ 

c 

2 

OOO 

OOO 

cocoococDocococococnrococnco 
(Otbconnco  «j«r  coococbcb  — cb  I 

X 

T5 

S’ 

ooo 

CO  CO  CO 

poonnon^tooooono 
oo  oo  — po-  oocooo  — oooocoooo 

— — Cm  Cm  cm  Cm  Cm  Cm  — — cm  — — Cm  — 

Flight  C 

C 

s 

0)0)0) 

0)0)0) 

coocococococoococoncocncoo) 
co  n ic  co  co  ococococmcoo  — co  1 

2 

ooo 

CD  CO  CD 

O O O O O n OOOOeDOO*fO 

oo  — co  co  co  o n — oocbrvcb  — c>  — o 

— CM  — — — CMCMCM—  — CM  — CMCMCM 

00 

1 

u. 

i 

pop 
CO  O)  p 

co  p co  co  o o coconcpcpccpop 
cdcocd  — coco  (OcocMcbcbncococo  l 

X 

2 

ooo 

CO  CD  10 

18.9 
21  0 
189 
23  4 

21.9 
21  9 
189 
18  9 
27.6 
13  9 

18.9 

20  4 

21  0 

21.9 
21.0 

0 

I 

c 

5 

O)  O)  O' 
0)0)0) 

p oo  co  co  co  oo  ooppcocoococpco 
to  — nOton  ncocototo'otbcon  1 

X 

2 

ooo 

CO  CO  CO 

189 

23  4 
20  4 

24  9 
18.9 
20.4 

20  4 
189 

21  0 
18.9 
18.9 
18.9 
189 
18.9 
20.4 

0 

toad 

sequence 

pef 

flight 

— Cm  CO 

m in  to  n cc  d O'-CMnn'nioNcom 

Type 

of 

loading 

c % 
(3  o 

u.  6>  1- 

129 


_ m m 


I 


TABLE  10.  - BASIC  TEST  LOADS  PER  FLIGHT  FOR  LOAD  SPECTR  UM  AS 
(GUST  LOADING) 


Number 

of 

loads 

per 

Nominal  test 
stress  levels3 

Test  loadsb 

Structural  simulation 
specimen 

(fig.  i> 

Usage  simulation 
specimen 

(fig.  2) 

flight 

f 

f . 

p 

P . 

P 

P . 

max 

min 

max 

min 

max 

min 

(ksi) 

(ksi) 

(kip) 

(kip) 

(kip) 

(kip) 

3 

-4.8 

-7.9 

-21.6 

-35.7 

-6.0 

-9.9 

14 

12.9 

4.1 

58.2 

18.6 

16.2 

5.1 

5 

13.9 

3.1 

62.7 

14.1 

17.4 

3.9 

4 

14.4 

2.6 

64.8 

11.7 

18.0 

3.3 

3 

14.9 

2.2 

67.2 

9.9 

18.6 

2.7 

2 

15.8 

1.2 

71.1 

5.4 

19.8 

1.5 

1 

16.8 

0.24 

75.6 

0.9 

21.0 

0.3 

1 

18.7 

-1.7 

84.6 

-7.5 

23.4 

-2.1 

aNominal  test  stress  level  based  on  nominal  cross-sectional  area: 

A1  = 36.00  x 0.125  = 4.50  sq  in.  (structural  simulation  specimen) 

A2  = 10.00  x 0.125  = 1.25  sq  in.  (usage  simulation  specimen) 

^Test  loads  are  taken  at  appropriate  300-pound  unit  of  load  to  match  test  machine 
load-programming  requirements  and  the  nominal  test  stress. 
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TABLE  II. -CYCLIC  LOAD  SEQUENCE  AND  DISTRIBUTION  01-  1'IVE-FLIGHT  BASIC  TEST 
SPECTRUM  AS  FOR  STRUCTURAL  SIMULATION  SPECIMEN  (FIG.  I) 


Type 

Load 

Cyclic  test  load  definition  per  spectrum  (kip) 

of 

loading 

sequence 

pe 

Flight  A 

Flight  B 

Flight  C 

Flight  0 

Flight  E 

flight 

Max 

Mm 

Max 

Min 

Max 

Mm 

Max 

Mm 

Max 

Mm 

Ground 

1 

-21.6 

-21.6 

-21.6 

BS 

eg 

-21.6 

loads 

-21.6 

-21.6 

-21.6 

ESI 

m 

-21.6 

-21.6 

-35.7 

-21.6 

-35.7 

-21.6 

-35.7 

-21.6 

-35.7 

-21.6 

-35.7 

4 

58.2 

18.6 

58.2 

18.6 

58.2 

18.6 

62.7 

14.1 

58.2 

18.6 

5 

71.1 

5.4 

67.2 

9.9 

62.7 

14.1 

58.2 

18.6 

64.8 

11.7 

6 

62.7 

14.1 

58.2 

18.6 

67.2 

9.9 

71.1 

5.4 

58.2 

18.6 

7 

75.6 

0.9 

58.2 

18.6 

58.2 

18.6 

58  2 

18.6 

58.2 

18.6 

8 

58.2 

18.6 

58.2 

18.6 

62.7 

14.1 

58.2 

18.6 

71.1 

5.4 

9 

62.7 

14.1 

62.7 

14.1 

58.2 

18.6 

75.6 

0.9 

67.2 

9.9 

10 

62.7 

14.1 

75.6 

0.9 

64.8 

11.7 

58.2 

18.6 

64.8 

11.7 

11 

58.2 

18.6 

64.8 

11.7 

67.2 

9.9 

58.2 

18.6 

62.7 

14.1 

12 

64.8 

11.7 

58.2 

18.6 

71.1 

5.4 

58.2 

18.6 

62.7 

14.1 

13 

58.2 

18.6 

58.2 

18.6 

58.2 

18.6 

64.8 

11.7 

58.2 

18.6 

14 

58.2 

18.6 

84.3 

-7.5 

84.3 

-7.5 

58.2 

18.6 

75  6 

0.9 

Flight 

15 

58.2 

18.6 

58  2 

18.6 

62.7 

14.1 

67.2 

9.9 

58.2 

18.6 

gust 

16 

58.2 

18.6 

64.8 

11.7 

58.2 

18.6 

62.7 

14.1 

58.2 

18.6 

loads 

17 

58.2 

18.6 

71.1 

5.4 

58.2 

18.6 

64.8 

11.7 

62.7 

14.1 

18 

62.7 

14.1 

64.8 

11.7 

64.3 

11.7 

84.3 

58.2 

18.6 

19 

58.2 

18.6 

58.2 

18.6 

64.8 

11.7 

67.2 

64.8 

11.7 

20 

64.8 

11.7 

58.2 

18.6 

62  7 

14.1 

58.2 

18  6 

58.2 

18.6 

21 

58  2 

18.6 

67.2 

9.9 

58.2 

18.6 

58.2 

18.6 

71.1 

Kg 

22 

71.1 

5.4 

62.7 

14.1 

67.2 

62.7 

14.1 

62.7 

■ Zil 

23 

67.2 

9 9 

62  7 

14.1 

71.1 

62.7 

14.1 

67.2 

24 

67.2 

9.9 

67.2 

9.9 

75.6 

0.9 

64.8 

11.7 

84.3 

-7.5 

25 

58.2 

18.6 

62.7 

14.1 

58.2 

18.6 

67.2 

9.9 

58.2 

18.6 

26 

58  2 

18.6 

62.7 

14.1 

58.2 

18.6 

58.2 

18.6 

67.2 

9.9 

27 

84.3 

-7.5 

58.2 

18.6 

58.2 

18.6 

62.7 

14.1 

58.2 

18.6 

28 

58  2 

18.6 

58.2 

18.6 

58.2 

18.6 

58.2 

18.6 

58.2 

18.6 

29 

58  2 

18.6 

64.8 

11.7 

58.2 

18.6 

64.8 

11.7 

58.2 

18.6 

30 

62.7 

14.1 

58  2 

18.6 

58.2 

18.6 

58.2 

18.6 

64.8 

11.7 

31 

64  8 

11.7 

68.2 

18.6 

58.2 

18.6 

58.2 

18.6 

58.2 

18.6 

32 

67.2 

9.9 

71.1 

5.4 

64.8 

11.7 

71.1 

5.4 

58.2 

186 

33 

64.8 

11.7 

58.2 

18.6 

62.7 

14.1 

58.2 

18.6 

62.7 

14.1 

TABLE  1 2 -CYCLIC  LOAD  SEQUENCE  AND  DISTRIBUTION  OF  FIVE-FLIGHT  BASIC  TEST 
SPECTRUM  A-3  FOR  USAGE  SIMULATION  SPECIMEN  (FIG.  2) 


Type 

Load 

Cyclic  test  load  definition  per  spectrum  (kip) 

of 

loading 

sequence 

pef 

Flight  A 

Flight  B 

Flight  C 

Flight  D 

Flight  E 

flight 

Max 

Min 

— 

Max 

— 

Min 

Max 

Min 

Max 

Min 

Max 

Min 

Ground 

1 

-9.9 

-6.0 

-9.9 

-6.0 

-9.9 

-6.0 

-9.9 

-6.0 

-9.9 

loads 

2 

-9.9 

-6.0 

-9.9 

-6.0 

-9.9 

-6.0 

-9.9 

-6.0 

-9.9 

3 

-6.0 

-9.9 

-6.0 

-9.9 

-6.0 

-9.9 

-6.0 

-9  9 

-6.0 

-9.9 

4 

16.2 

5.1 

16.2 

5.1 

16.2 

5.1 

17.4 

3.9 

16.2 

5.1 

5 

19.8 

1.5 

18.6 

2.7 

17.4 

3.9 

16.2 

5.1 

18.0 

3.3 

S 

17.4 

3.9 

16.2 

5.1 

18.6 

2.7 

19.8 

1.5 

16.2 

5.1 

7 

21.0 

0.3 

16.2 

5.1 

16.2 

5.1 

16.2 

5.1 

16.2 

5.1 

8 

16.2 

5.1 

16.2 

5.1 

17.4 

3.9 

16.2 

5.1 

19.8 

1.5 

9 

17.4 

3.9 

17.4 

3.9 

16.2 

5.1 

21.0 

0.3 

18.6 

2.7 

10 

17.4 

3.9 

21.0 

0.3 

18.0 

3.3 

16.2 

5.1 

18.0 

3.3 

11 

16.2 

5.1 

18.0 

3.3 

18.6 

2.7 

16.2 

5.1 

17.4 

3.9 

12 

18.0 

3.3 

16.2 

5.1 

19.8 

1.5 

16.2 

5.1 

17.4 

3.9 

13 

16.2 

5.1 

16.2 

5.1 

16.2 

5.1 

18.0 

3.3 

16.2 

5.1 

14 

16.2 

5.1 

23.4 

-2.1 

23.4 

-2.1 

16.2 

5.1 

21.0 

0.3 

Flight 

15 

16.2 

5.1 

16.2 

5.1 

17.4 

3.9 

18.6 

2.7 

16.2 

5.1 

gust 

16 

16.2 

5.1 

18.0 

3.3 

16.2 

5.1 

17.4 

3.9 

16.2 

5.1 

loads 

17 

16.2 

5.1 

19.8 

1.5 

16.2 

5.1 

18.0 

3.3 

17.4 

3.9 

18 

17.4 

3.9 

18.0 

3.3 

18.0 

3.3 

23.4 

-2.1 

16.2 

5.1 

19 

16.2 

5.1 

16.2 

5.1 

18.0 

3.3 

18.6 

2.7 

18.0 

3.3 

20 

18.0 

3.3 

16.2 

5.1 

17.4 

3.9 

16.2 

5.1 

16.2 

5.1 

21 

16.2 

5.1 

18.6 

2.7 

16.2 

5.1 

16.2 

5.1 

19.8 

1.5 

22 

19.8 

1.5 

17.4 

3.9 

18.6 

2.7 

17.4 

3.9 

17.4 

3.9 

23 

18.6 

2.7 

17.4 

3.9 

19.8 

1.5 

17.4 

3.9 

18.6 

2.7 

24 

18.6 

2.7 

18.6 

2.7 

21.0 

0.3 

18.0 

3.3 

23.4 

-2.1 

25 

16.2 

5.1 

17.4 

3.9 

16.2 

5.1 

18.6 

2.7 

16.2 

5.1 

26 

16.2 

5.1 

17.4 

3.9 

16.2 

5.1 

16.2 

5.1 

18.6 

2.7 

27 

23.4 

-2.1 

16.2 

5.1 

16.2 

5.1 

17.4 

3.9 

16.2 

5.1 

28 

16.2 

5.1 

16.2 

5.1 

16.2 

5.1 

16.2 

5.1 

16.2 

5.1 

29 

16.2 

5.1 

18.0 

3.3 

16.2 

5.1 

18.0 

3.3 

16.2 

5.1 

30 

17.4 

3.9 

16.2 

5.1 

16.2 

5.1 

16.2 

5.1 

18.0 

3.3 

31 

18.0 

3.3 

16.2 

5.1 

16.2 

5 1 

16.2 

5.1 

16.2 

5.1 

32 

18.6 

2.7 

19.8 

1.5 

18.0 

3.3 

19.8 

1.5 

16.2 

5.1 

33 

18.0 

3.3 

16.2 

5.1 

17.4 

3.9 

16.2 

5.1 

17.4 

3.9 

TABLE  13.  BASIC  TEST  LOADS  PER  FLIGHT  FOR  LOAD  SPECTRUM  B-l  (MANEUVER  LOADING) 
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Iculated  nominal  stress  for  large  panel 


TABLE  14  CYCLIC  LOAD  SEQUENCE  AND  DISTRIBUTION  OF  FI  VE-FLIGUT  BASIC  TEST 
SPECTRUM  B- 1 FOR  STRUCTURAL  SIMULATION  SPECIMENS  (Fid.  I) 


Cyclic  test  load  definition  per  flight  (kip) 

Flight  E 

Min 

B 

BflffillDMili 

Max 

CN  CN  CN 

iocgiflipiocgcgcgcgtnr^inLncq>r>cgir>incqtni^inininin>ocqininiA 

If)  LT>  If)  CO  sr N'  ^ Lf)  td  LT>  ID ' ST  LT>  ^ Lf>  CO  TT  CO  (0  if)  CO  in  If)  Lf>  If)  Ifi  LT> 

coo)cocooo)0)0)0)co'-cocoo)coo)oooo)o*-ooococoooo)cococo 

Flight  D 

c 

ii 

■ 

Max 

CN  CN  CN 

inipipipipr^tALnLpcginincgcqr^ipintncqcqcocqLncqincgiAinLnin 

if)ifirr)Lf)if)WLf)if)Lf)3Lf)cr)«:«a,tdco)f)if>^j:<a:Ti-Tj:if)Tj:ihrj:inific,jif) 

COCOOCOCO<-COCOCOO)COOC)0)»-OOOCOO)0)0)0)COO)COO)COCOOCO 

Flight  C 

Min 

Max 

CN  CN  CN 

inoqininoqinoqoqininr^oqininoqooooinininr^inininininininooin 

in^coin^irw^coincd^inirw^^incococdininininininiri^-in 

C00>0c00)c00)0)0c0*-0>00000>00>0000«-000000000000000>c0 

Flight  B 

Min 

u 

tnffffffiiffffffffffffffffrtn 

Max 

CN  CN  CN 

ininintpincqf^coinuir^incqincqixiininoqogoqinoqinincoixiinixiin 
coooooococft  — o)ooco-ao)00)oocooo)0)0)oomoooooii®oooM 

•“  *—  ^ ^ r- 

Flight  A 

Min 

in  in  in 

^ ^ V 

Max 

CN  CN  CN 

inincnr^inoqcqinooinininininininopininininininr^inincxjcqcqcq 

inco^cDin^^in^ininininininih^incococoinincDinin^^^Tr 
C000)*-c00)0)c00)00c0  00  00  00c30000)000000000*-00000)0)0)0) 

Load 

sequence 

per 

flight 

^ CN  CO 

^incoNooo)0»-CNCo^in{ONOoo)0’-CNCo^in(DNcoo)0«-CNCo 

«-*-*-»-*-*-*-«-’-’-CNCNCNCNCNCNCNCNCNCNCOCOCOCO 

Type 

of 

loading 

Ground 

loads 

*-> 

s:  v» 

U-  CD  — 
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TABLE  lx  CYCLIC  LOAD  SLOCLW’C  7 AM)  DISTRHWTIOX  Ol-'  llVll- LIGHT  BASIC  TliST 
SPECTRUM  II- 1 FOR  USAGE  SIMULATIOS  SI'IX'IMTSS  ( I'lG.  2) 


Cyclic  test  load  definition  per  flight  (kip) 

Flight  E J 

c 

I 

CN*  CN*  04 

eq  ascpoqogopogoqoqwoqoqoqoqoqoqoqoqcqcxsoqoqcqogoqeqoqopcqa) 
vr  ^r  <r  <r  <r  4 « <i  4 ^ <t  4 » w » t vt  v <r  ■<r 

Max 

■ 

^ ^ oo  ^ ^ ^ r^.  ^ r*^  oo  oq  r^.  oq  o.  o.  o.  Tf  pn.  p>.  r«* 

oo<DooHcd<ocd<D<D<Doioooo(doo<Dooco<ocdo400cdpoooooc£joooooo 

04  04  04  04  04  04  04  04  04  04  00  04  04  04  04  04  04  04  04  04  00  01  04  04  04  04  04  04  04  04 

Flight  D 

c 

<N  <SI  (N 

cooqccoqoqoqoqoqoqoqoqoqoqoqopoqoqopoqoqoqoqoqogoqoqcocqcqcq 

rr  tj-  t}-'  tj-’  *»■’  rr  ^ 

X 

5 

oq  r>-  rrr>.  oo  oo  O;  r>.  0-  o.  r*>.  oo  o>. 

ooooooooooo4oooooocboo‘  cbcd^oiooooooto^^tboo’  cboocboo'oocooo 

04  04  04  04  04  00  04  04  04  04  04  04  04  04  00  04  04  04  04  04  04  01  04  04  04  04  04  04  04  04 

1 

Min 

04  04  04 

agcqoqageqoooqoqoqoqoga^aqogoqoqoqoqoqeQcqogoqcqagoqoqoqcqco 

^ v ^ ^ v<r  » Tt  v ^>r  ir  >»')  'f 't 't  't'i  'r'rnnn'j  rr 

Max 

r>:T};oqo:Tro:^;^;Opr^^;^ro;rs.^;^j;^trs.opop^or^r^p^rs;rN;ps;^-r> 

oocbcooocooocbtboooooicboooocbtocdoococooicrioooooooooooo^doo 

040404040404040404040004040404040404040400040404f40404040l04 

Flight  B 

Min 

P*  <N  CN 
r—  r—  r— 

oqoqoqoqoqoqoqoqoqoqoqoqoqoqoqoqopOQoqoqoqoqopoooqoqcocqoqoq 

oi  ^ tj-  tj-’  tj-’  ^ 

Max 

■ 

r^oof^r^r^^^f^rr^r^^ff^^oo^r^rvcq^r^r^rr^^rr^rv^rp^r^oprN. 
ooajHHoocboi<dooHoiHcbo6cbooooob<D<o^oocbcooo(oooooodoo 
040404010401000101010)0104010101040101010104010404010104  0404 

Flight  A 

Min 

04  CN  04 

cpcooqccoqoqcqoqoqoqoqopccoooqoqcocccp<x)oqoqccoooqoqoqoqoqoq 
*)■  *)■ 

Max 

■ 

o:oq^;^;rv^;^;o:^;p^r>;r>:r>;o:r>:rs:^rfN:opopoop^p^^;r>;p^^;^a;^r^; 
00aS<DO4  00<b<O00<O00000000  00  00CT><D00  06  c0  06  00  00  04  e000<O<O<OCD 
04  04  04  00  04  04  04  04  04  04  04  04  04  04  04  04  04  04  04  04  04  04  04  00  04  04  04  04  04  04 

Load 

sequence 

per 

flight 

*-CNjn 

^■incDo.c00)O^-0400^rincDp^c00)Ot-0M00^rmcDp^00O)O»-0400 
r-r-»—  r-r-r-r-r-r-r-0404040404040404040400000000 

Type 

of 

loading 

Ground 

loads 

Flight 

gust 

loads 

i 
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TABLE  IS.  CYCLIC  LOAD  SEQUENCE  AND  DISTRIBUTION  OF  I O-FLIGHT  BASIC  TEST 
SPECTRUM  B-2  FOR  USAGE  SIMULA  TION  SPECIMENS  (FIG.  2) 
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TABLE  19. -BASIC  TEST  LOADS  PER  FLIGHT  FOR  LOAD  SPECTRUM  B-3 
(MANEUVER  LOADING) 


Number 

of 

loads 

per 

flight 

Nominal  test 
stress  levels3 

Test  loadsb 

Structural  simulation 
specimen 
(fig.  D 

Usage  simulation 
specimen 
(fig.  2) 

fmax 

(ksi) 

*min 

(ksi) 

P 

max 

(kip) 

**min 

(kip) 

P 

max 

(kip) 

P . 
min 

(kip) 

3 

-0.27 

-1.00 

-1.2 

-4.5 

-0.3 

-1.2 

15 

16.3 

3.3 

72.9 

15.3 

20.4 

1 

9 

18.0 

3.3 

81.0 

15.3 

22.5 

mm 

4 

19.5 

3.3 

87.9 

15.3 

24.3 

2 

22.1 

3.3 

99.6 

15.3 

27.6 

HI 

aNominal  stress  level  based  on  nominal  area  of  panels: 

A1  = 36.00  x 0.125  - 1.25  sq  in.  (structural  simulation  specimen) 
Aj  = 10.00  x 0.125  = 4.50  sq  in.  (usage  simulation  specimen) 

^Test  loads  are  taken  at  appropriate  300-pound  unit  of  load  to  match  test 
machine  load  programming  requirements. 


139 


TABLE  20.  CYCLIC  LOAD  SEQUENCE  AND  DISTRIBUTION  OF  FIVE-FLIGHT  BASIC  TEST 
SPECTRUM  B-3  FOR  STRUCTURAL  SIMULATION  SPECIMEN  (FIG.  D 


TABLE  21.  -CYCLIC  LOAD  SEQUENCE  AND  DISTRIBUTION  OF  FIVE-FLIGHT  BASIC  TEST 
SPECTRUM  B- 3 FOR  USAGE  SIMULATION  SPECIMEN  < FIG.  2) 


Type 

Load 

of 

sequence 

loading 

per 

flight 

Ground 

1 

loads 

2 

3 

4 

5 

6 

7 

8 

9 

11 

12 

13 

14 

Flight 

15 

maneuver 

16 

loads 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

Cyclic  test  load  definition  per  spectrum  ikipl 


Flight  A 


Max  Mm 


.2 
.2 

-0.3  I -1.2 


Flight  8 


Max  Min 


.2 

.2 

-0.3  I -1.2 


Flight  C 


Max  Mm 


-0.3  -1.2 
-0.3  -1.2 
-0.3  -1.2 


Flight  D 


Max  I Mn 


Flight  E 


Max  I Min 


4 


/ 


TABLE  2.1  -STRAIN  GAGE  SURVEY  ON  USAGE  SIMULATION  SPECIMEN 
EIG.  2a.  OPEN  HOLE)  WITH  BUCKLING  RESTRAINT  FIXTURE 


Strain  gage  data  at  noted  load  condition  (0.000001  in./in.) 

Gage 

no. 

Installed 

specimen 

zero 

load 

4.0 

kip 

8.0 

kip 

12.0 

kip 

16.0 

kip 

18.9 

kip 

Zero 

load 

i 

0 

29 

583 

875 

1171 

1384 

1 

2 

0 

290 

584 

878 

1171 

1384 

0 

3 

0 

301 

G07 

913 

1218 

1442 

1 

4 

0 

301 

608 

912 

1218 

1439 

1 

5 

0 

299 

604 

907 

1214 

1434 

-2 

6 

0 

301 

606 

909 

1216 

1438 

-1 

? 143 
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TABLE  JO.  CONTINUED 


Total 
equivalent 
load  cycles 
to  crack 
detection 
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Total 
equivalent 
load  cycles 
to  crack 
detection 
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TABLE  31.  SUMMARY  OF  MU LTlllOLE  TEST  SPECIMEN  PANEL  ONE  RESULTS 
(FROM  REF.  3 . TABLES;  CONSTANT  AMPLITUDE  AT  12.5  + 11.5  KS1) 


Hole  location 

Life  to  crack 

Crack  location 

Failure 

Crack 

Cycles 

Drill  entry 
or  exit  side 

Hole 

Remarks 

Row 

Column 

length  (in.) 

side 

— 

2 

15 

1 

18,768 

Right 

Hole  with  fabrication  gouge 

1 

15 

4 

■SI » : iSm 

19,504 

Left 

- 

3 

14 

0.06 

20,500 

Entry 

Right 

Hole  with  fabrication  gouge 

2 

10 

11 

0.02 

20,576 

Exit 

Left 

3 

14 

1 

0.02 

20,604 

Exit 

Left 

4 

4 

2 

0.02 

22,548 

Exit 

Left 

5 

11 

15 

0.02 

23,624 

Exit 

Right 

6 

1 

8 

0.02 

24,060 

Entry 

Right 

7 

8 

14 

0.02 

24,390 

Exit 

Right 

8 

7 

11 

0.02 

24,690 

Exit 

Right 

9 

9 

5 

0.02 

26,060 

Exit 

Left 

10 

13 

1 

0.02 

26,400 

Entry 

Left 

Adjacent  to  hole  14-1 

11 

19 

5 

0.02 

26,760 

Exit 

Right 

12 

19 

2 

0.04 

26,780 

Exit 

Left 

13 

3 

1 

0.03 

26,901 

Entry 

Left 

Adjacent  to  hole  4-2 

14 

9 

15 

0.02 

26,901 

Entry 

Right 

Adjacent  to  hole  8-14 

- 

1 

8 

0.06 

26,901 

Reworked  hole  at  24,060 

15 

20 

1 

002 

27,205 

Exit 

Right 

Adjacent  to  hole  19-2 

16 

13 

12 

0.05 

27,385 

Exit 

Left 

17 

3 

5 

0.02 

27,750 

entry 

Left 

18 

7 

12 

0.02 

27,815 

Exit 

Right 

Adjacent  to  hole  7-11 

19 

19 

4 

0.02 

28,636 

Exit 

Left 

Adjacent  to  hole  19-5 

20 

13 

9 

0.02 

28,788 

Exit 

Right 

159 
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TABLE  32.  SUM  MAR  Y OF  MUL  TlllOLE  TEST  SPECIMEN  PANEL  TWO  RESUL  TS 
(FROM  REF.  3.  TABLE  6.  CONSTANT  AMPLITUDE  AT  1 2.5  + 1 1.5  KSI) 


Failure 

Hole  location 

Life  to  crack 

Crack  location 

Remarks 

Crack 
length  (in.) 

Cycles 

Drill  entry 
or  exit  side 

Hole 

side 

Row 

Column 

i 

8 

3 

28,615 

HQ 

15 

6 

29,498 

EE  J 

12 

6 

0.03 

34,850 

Entry 

Right 

m a 

1 

0.02 

35,688 

Exit 

Left 

1 

0.02 

36,160 

Exit 

Left 

9 

1 

0.02 

36,228 

Entry 

Right 

Adjacent  to  hole  10-1 

10 

3 

0.02 

36,320 

Entry 

Right 

8 

1 

13 

0.02 

36,480 

Entry 

Left 

9 

9 

6 

0.02 

36,555 

Exit 

Right 

10 

11 

1 

0.02 

36,572 

Entry 

Left 

Adjacent  to  hole  10-1 

11 

15 

12 

0.02 

36,597 

Entry 

Right 

12 

10 

14 

0.02 

37,035 

Entry 

Left 

13 

14 

8 

0.02 

37,246 

Entry 

Right 

14 

14 

5 

0.02 

37,930 

Exit 

Left 

Adjacent  to  hole  1 5-6 

15 

1 

0.02 

37,972 

Entry 

Left 

Adjacent  to  hole  4-1 

16 

2 

0.02 

38,394 

Exit 

Right 

17 

14 

0.02 

38,900 

Entry 

Right 

18 

11 

0.02 

39,295 

Entry 

Left 

19 

13 

7 

0.02 

39,368 

Entry 

Left 

Adjacent  to  hole  12  6 

20 

12 

0.02 

39,410 

Entry 

Right 

21 

14 

0.02 

39,480 

Entry 

Right 

Adjacent  to  hole  10-14 

22 

11 

0.02 

39,518 

Exit 

Left 

Adjacent  to  hole  6-12 

23 

17 

3 

0.02 

39,610 

Exit 

Left 

24 

15 

15 

0.02 

39,626 

Entry 

Right 

25 

6 

15 

0.02 

39,658 

Entry 

Right 

Adjacent  to  hole  7-14 

26 

13 

4 

0.02 

39,996 

Entry 

Right 

Adjacent  to  hole  14-5 

27 

17 

1 

0.02 

40,152 

Exit 

Left 

28 

11 

9 

0.02 

40,212 

Exit 

Left 

29 

13 

1 

0.02 

40,333 

Entry 

Right 

30 

8 

2 

0.02 

40,423 

Entry 

Left 

Adjacent  t.  , ole  8-3 

TABLE  33.  SUM  MAR Y OF  SINGLE  HOLE  TEST  SPECIMEN  RESUL  TS  (FROM 
REE.  3.  TABLE  4:  CONSTA  NT  AMPLITUDE  A T 12.5  + 11.5  ESI) 


Hole  location 


Test 


Row  Column 


Life  to  crack 


Crack 
length  (in.) 


Cycles 


Crack  location 


Drill  entry 
or  exit  side 


Hole 

side 


Life  to 
failure 
(cycles 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 


3 

13 

13 

8 

8 

8 

8 

18 

3 

3 

18 

13 

13 

3 

3 

13 

18 

18 

18 

3 


2 

8 

10 

3 

7 
9 

11 

13 
6 

8 

5 

14 

6 
10 

4 
12 
11 

7 

9 


0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 


50.000 

43.000 

56.000 

50.000 

59.000 

45.000 

54.000 

42.000 

39.000 

46.000 

48.000 

46.000 

51.000 

40.000 

61.000 

41.000 

54.000 

37.000 

37.000 

55.000 


Exit 

Exit 

Entry 

Entry 

Entry 

Exit 

Exit 

Exit 

Exit 

Exit 

Exit 

Exit 

Exit 

Exit 

Entry 

Entry 

Entry 

Exit 

Exit 

Exit 


Left 

Left 

Left 

Right 

Right 

Right 

Right 

Left 

Left 

Left 

Left 

Right 

Left 

Right 

Right 

Right 

Left 

Right 

Left 

Left 


71.000 

67.000 

74.000 

73.000 

73.000 

61.000 

76.000 

64.000 

58.000 

61.000 

67.000 

59.000 

68.000 

54.000 

72.000 

61.000 

67.000 

57.000 

58.000 

68.000 


12 
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TABLE  S5.  SUMMARY  OF  MAXIMUM  LIKELIHOOD  ESTIMATE  OF  DISTR/BUTIOX  EAR  I METERS 

AX'D  CALCULATED  SHAPE  PARAMETER  HOUSDS 


ied  heat 


TABLE  36.  SUMMARY  OF  ST  A T l STIC  A L FA  TIGUE  FAILURE  CHARACTERISTICS  OF  ALUMINUM  ALLOY  2024-T3 
STRUCTURAL  SIMULA  TiON  SPECIMENS  A T 0.50  RELIABILITY  LEVEL  ON  ESTIMA  TED  LOG-MEAN 
uR  CHARACTERISTIC  CYCLIC  LIFE 
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from  reference  3,  constant  amplitude  testing  at  12.5  * 11. 5 ksi  at  200  cpm. 


TA BLE  3 7.  SUMMA R Y OF  STA  TISTICA L FA  TIGUE  FA IL URE  CHA R AFTER ISTK  S OF  A L UMI.VUM  ALLOY  2024-T3 
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^Data  from  reference  3.  constant  amplitude  testing  at  12.5  + 11  5 ksi  at  200  cpm 


TABLE  38  SUMMARY  OF  STATISTICAL  FA  TIGUE  FAILURE  CHARACTERISTICS  OF  ALUMINUM  ALLOY  2024-T3 
STRUCTURAL  SIMULA  TION  SPECIMENS  ATONO  RELIABILITY  LEVEL  ON  ESTIMA  TED  LOG-MEAN 


'Data  from  reference  3;  constant  amp'itude  testing  a.  12  5 + 1 1 .5  ksi  at  200  cpm. 


'Data  from  reference  3:  constant  amplitude  testing  at  12.5  + 1 1.5  ksi  at  200  cpm. 
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'Dita  from  reference  3.  constant  amplitude  testing  at  12.51  11  5 ks:  at  200  c pm 
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LIST  OF  ABBREVIATIONS  AND  SYMBOLS 


ABBREVIATIONS 

exp  exponential  function 

ke  kilocycles 

In  natural  logarithm 

log  common  logarithm 

log-normal  normal  cumulative  distribution  with  variable  taken  as  log  of  cyclic  life  to  crack 
initiation: 


+X 

F( X ) = f expl-tX:  - X)-/o-| 

V 2rr  a J 1 ‘ 


dX 


MLE  maximum  likelihood  estimate  or  estimator 

RH  relative  humidity 

Weibull  VVeibull  cumulative  distribution: 

F(X)  = 1 - exp| -( X//3  'a] 


SYMBOLS 


A 

a 


shape  parameter  for  two-parameter  Weibull  distribution 

maximum  likelihood  estimate  of  two-parameter  Weibull  distribution  shape 
parameter  which  is  implicitly  defined  as  follows: 


"f  A "g  A 

E xf  i»x,+  E (;f 1,1  (;i 


\- 1 


i=  1 


E xf +E  (m 

i=l 


A 

•a 
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—V  InX: 

nr  *->  1 

1 i=l 


1=  ! 
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Preceding  page  blank 


t> 


& 


scale  parameter  or  characteristic  life  for  two-parameter  Weibull  distribution 


0 maximum  likelihood  estimate  of  two-parameter  Weibull  distribution  scale 

parameter  or  characteristic  life;  for  a censored  sample  with  known  a this  is 


v 

0 maximum  likelihood  estimate  of  two-parameter  Weibull  scale  parameter  or 

characteristic  life  when  it  depends  upon  an  estimate  of  the  shape  parameter;  for 
a censored  sample  with  an  estimated  shape  parameter  this  is 


M mean  or  log-mean  cyclic  life  to  crack  initiation  for  log-normally  distributed 

population 

maximum  likelihood  estimate  of  the  mecu  cy-lic  life  of  a log-normally 
distributed  variable;  its  estimate  is 


{j  standardized  log-normal  variute,(Gj )lo.  for  detail  with  testing  terminated  for 

reasons  other  titan  failure 

c log-normal  distribution  shape  parameter;  i.e..  the  standard  deviation  of  a 

normally  distributed  population  with  the  variable  transposed  to  base  10 
logarithms 

o maximum  likelihood  estimate  of  log-normal  distribution  shape  parameter;  for 

uncensored  test  groups  the  estimate  is 
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for  censored  data,  the  estimate  is  determined  from  this  relationship 
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At 

<7“ 


1 


1 ^ 

57  £ «iV 
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unbiased  maximum  likelihood  estimate  of  log-normal  distribution  shape 
parameter;  for  uncensored  test  groups  the  estimate  is 


i=  1 
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0(t) 


4>(t) 


G: 


h: 
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s~ 


sunimation  symbol 


7feexp 


. frequency  distribution  for  log-normal  distribution 


f 0(t)dt,  cumulative  distribution  for  log-normal  distribution 


cyclic  life  (log)  when  test  has  been  terminated  for  reasons  other  than  failure 


hUj) 


j) 

1 


hazard  function 


total  number  of  details  in  sample  or  ordered  detail  in  sample 
total  number  of  details  in  sample  or  fleet 
number  of  i.tilures  in  sample 
number  of  nonfailures  in  sample 
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t 


standard  normal  variate 


continuous  random  time-to-failure  variable  usually  referring  to  tests  useful  in 
estimating  fatigue  scatter 

cyclic  life  to  crack  initiation  of  a detail 


average  cyclic  life  or— ^ (X;) 

11  i=l  1 


log  X or  log  of  cyclic  life  to  crack  initiation 
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